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ABSTRACT
Industrial polymer processes involve the application of heat and stress, often
resulting in deformations at high shear rates and molecular orientation. This affects both the
crystallization rates and the melting temperature of semi-crystalline polymers. Knowledge
ofthe variance of these properties are vital commercially due to their effect on processing
techniques, production rates and mechanical properties.
An experimental apparatus was designed and constructed that allowed the study of
the effects of shear on syndiotactic polystyrene melt samples. This apparatus consisted of
a parallel plate rheometer that used changes in shear stress, as well as infrared detection
equipment that utilized changes in transmission at specified wavelengths to determine real
time changes in crystallinity. Equipment control and data acquisition was achieved through
the use of PC based software programs.
Syndiotactic polystyrene, the material used exclusively in this study, has only
recently been synthesized through the use of new metallocene catalysts. This polymer
enjoys intense industrial interest due to several desirable physical properties, including a high
melt temperature, high strength, rapid crystallization rates, and excellent solvent resistance.
The complex polymorphism that is exhibited by syndiotactic polystyrene is the subject of
much on-going research.
The rheometer was used to determine a viscosity-temperature relation and induction
times at 250°C. A relationship was found to exist between the applied shear rates and final
sample crystallinity and crystallography. Real time crystallinity changes, as affected by shear
stress and temperature variations, were well described by a crystallization model that

incoiporated the effects of temperature, shear rate, and stress relaxation. Non-isothermal
phase transitions were also examined by analyzing temperature-transmission data.

CHAFFER 1
INTRODUCTION
1.1 Shear Effects
Most important industrial polymer processes involve the forced flow of melted
polymer into some type offinal form During these processes, the impingement of the flow
ofthe melted polymer upon the walls of the equipment (Le. mold walls or extruder barrel)
results in the development of shear stress upon the melt. This shear stress has the effect of
straightening the normally tangled polymer chains, which results in the orientation of the
polymer melt The response ofthe material to the shear field, and temperature environment,
controls processing characteristics and fabricated part properties.
The effects of melt orientation are two-fold, ha purely amorphous (ie. noncrystallizable) material, the oriented surface layers have physical properties which differ from
the unaligned core. This can lead to cracks, splits, and uneven wear in the finished parts
[Eder and Janeschitz-Kriegl, 1989].
hn semi-crystalline polymers, orientation may lead to the formation of crystals at
temperatures above the normal melting point The process by which this occurs is generally
known as shear induced crystallization (SIC).
Application of a shear field has been know to accelerate crystallization rates several
orders of magnitude [Hshmg and Cakmak, 1990]. Changes in crystal morphology also
occur as a result of shear application. For example, polyethylene exhibits three-dimensional
spherulitic growth in the absence of shear. Stress flow alignment causes the formation of
"shish-kabob" or rod-like crystal formations [McHugh, 1982]. Shear stress can also affect
1
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other physical properties, including the extent of crystallization, and the final
crystallographic form.
The importance of SIC in industrial processing is profound. Since the shear rate is
directly dependent on several factors (temperature, viscosity, pressure, material of selection,
mold dimensions, etc.), control is very difficult.
1.2 Syndiotactic Polystyrene
Syndiotactic polystyrene is a recently synthesized polymer, possessing many
desirable physical properties. These include rapid crystallization rates (several orders of
magnitude greater than isotactic polystyrene), high melt temperatures (270° C), and
excellent solvent resistance [Ishihara and Kuramoto, 1994].
Currently, limited quantities of syndiotactic polystyrene are being made commercially
under joint product and process development between Idemitsu Kosan Co. Ltd and Dow
Plastics. A patented continuous polymerization process, to be described later, is being used
to produce the Idemitsu-Dow syndiotactic polystyrene [Newman et aL, 1993].
Syndiotactic polystyrene has been used in several products, including glass
reinforced resins and impact modified grades for specific applications [Newman et aL,
1993]. It has been written that "syndiotactic polystyrene may have the potential to replace
acrylonitrile butadiene styrene copolymer (ABS) and other engineering resins on the basis
of property performance" [Payn, 1993]. Syndiotactic polystyrene also displays unique
structural properties that are not completely characterized.

3

1.3 Experimental Design
It has been our goal to develop an experimental apparatus that would allow the
quantification ofthe kinetics of SIC. ha order to he precise and accurate in its purpose, the
apparatus had to attain the following:
1.
2.
3.
4.

Computer driven controls and data acquisition
Real time data acquisition
Measurement of crystallinity ona molecular level
Simplicity of design

Consideration of these items, along with a literature survey of similar studies, lead
to the development of an experimental design. This design included the use of a parallel
plate rheometer which utilized two methods for the detection of crystallinity changes during
the application of a steady shear rate.
The first method used changes in shear stress applied to a polymer melt at constant
shear rates. Changes in crystallinity were measured through viscosity increases, which in
turn increased the shear stress. The second method involved the use of infrared absorption
to determine crystallinity.
1.4 Objectives
It was our objective to develop an apparatus that allowed the characterization of the
effects of shear rate, shear stress, and temperature on the crystallization kinetics of
syndiotactic polystyrene. However, during our work, we found that the equipment was
useful in determining changes in other physical properties as well These included final
sample crystallinity, crystallographic form, and non-isothermal phase changes.
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The data obtained should prove useful for both industrial and academic purposes.
Since crystallization rates are known to be of vital importance during the processing of
polymers, a knowledge of how shear rate and temperature effect the rate of crystallization
is vital Also, since syndiotactic polystyrene is a new material, the knowledge gained from
this study should further the understanding of polymeric materials in general

CHAPTER 2
LITERATURE REVIEW
2.1 Shear Induced Crystallization
2.1.1 Shear Stress Response
One of the first researchers of the shear induced ciystallization phenomena was
Treloar [1940], who noted that the plastic flow observed in raw rubber did not continuously
increase with increasing extension. He observed that after the flow rate rose to a maximum
value, it dropped as extension was further increased. Moreover, he found significant
changes in the physical properties of the samples that had been elongated at greater than a
critical rate. Through the use of X-ray diffraction, he was able to show that these changes
were due to conversion of the melt from amorphous to crystalline sections.
A typical shear-time relationship was described by Tan and Gogos [1976] during
their work with polyethylene sheared by a bi-conical rheometer working at a constant shear.
Figure 2.1.1.1 is a representation of a their observed response. Four regions can be
identified:
1.
2.
3.
4.

Overshoot
.
Steady-state flow response
Stress increment without oscillation
Stress increment with oscillation

The overshoot region is primarily due to the activation required for flow to begin.
It is a commonly occurring phenomena, and is of no interest in flow induced crystallization
studies. During the steady flow response, the polymer melt is typically described as a power

5
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Stress Oscillation

as

Time

Figure 2.1.1.1:

Typical stress response, at constant shear rate (Tan and Gogos, 1976]

7

law fluid. Chain orientation occurs in this region. The time period associated with this
region is referred to as the induction time (t,). It has been observed that the induction time
is crucial in determining the onset of SIC [Tan and Gogos, 1976], [Eder et aL, 1990], In
polyethylene [Tan and Gogos, 1976], a 10 second induction time is observed when a shear
rate of 7.575 s'1is applied at 134°C. Mohzd and Skalicky [1993] noted that increasing
shear rates decreased the induction times at constant temperatures. They found that at
130°C, polypropylene displayed an induction time of 67 seconds at a shear rate of 4 s'1.
This decreased to 33 seconds at a shear rate of 12 s'1.
Crystallization begins to occur in region three. At low levels, changes in physical
properties occur, including an increase in viscosity that causes a marked but steady increase
in the shear stress. The end of this region is noted by the onset of oscillations, which are
due to the extent of crystallization that has occurred in the sample. This is a result of the
"slip-stick" nature of the now rubber-like behavior.
Wolkowicz [1978] gave a similar description ofthe typical stress - time relation. He
noted that the relationship between stress and time is exponential, but only after a certain
activation totalized stress has been reached. This is due to the alignment of the polymer,
which creates nucleating surfaces for the formation of stable nuclei With time, the number
of stable nuclei increases. This in turn increases the stress in the system, since resistance is
added to the system The increased stress further increases molecular orientation, which in
turn increases the available number of nucleation sites.
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2.1.2 Thermodynamics of Alignment
In the melt, random molecular cods maximize the entropy ofthe system. Application
of a shear field orients the chains and also results in molecular motion. Flow orientation
lowers the system entropy by decreasing the possible number of chain conformations or
degrees of freedom.
Polymers typically exhibit a wide melting temperature range. As such, distinct phase
transition temperatures do not exist. However, for purposes of thermodynamic analysis, a
specific melt temperature, Tm, may be assumed. At this theoretical melt temperature, the
Gibbs free energy goes to zero since the two phases are equally stable, so that:

AG « AHf - TmAS - 0
■i111

AS

m

Hm- H e
....
Sm- Sec

(2.1.2.1)
(2.1.2.2)

Where the subscript "m" refers to the melt, "c" refers to crystalline phase, and AHfisthe
latent heat of fusion.
An analysis of this equation reveals that by decreasing the entropy, through chain
orientation, the effective melt temperature is increased. Therefore, a sheared melt will begin
crystallizing at temperatures higher than a quiescent melt, since the effective subcooling,
the driving force to crystallization, is greater for the sheared melt.
Maxwell [1965] developed the following relationship between shear stress and the
increase in melt temperature:

where Tm. refers to the quiescent melt temperature, Me is the ideal elastic shear modulus,
R is the ideal gas constant, and t is the shear stress. From this equation, it can be seen that
the rate of increase in the melt temperature is proportional to the square of the shear stress.
Since the shear rate increases with the shear stress, the elevations of melt temperature would
also increase with shear rate. For a Newtonian fluid, this would imply a similar dependence
on shear rate, and a lower power dependence for a shear thinning melt. Also, if shear is not
applied, the quiescent melt temperature is obtained.
The importance ofthe effect ofthermodynamic considerations in SIC was displayed
in the work done by Kobayashi and Nagasawa [1970]. They sheared polyethylenes of
differing molecular weights (2700 and 50,000) in a coaxial cylinder rheometer. They found
that the effects of shear rate on the temperature at which crystallization occurred was much
more pronounced for the high molecular weight material Porter and Johnson [1967] and
Moitzi and Skalicky [1993] found that shear did not effect the onset of crystallization.
These results seem to indicate some type of relationship between molecular weight and the
effect of shear on crystallization onset temperatures. This is in agreement with Eder et aL
[1990]. They wrote that the high molecular end of a polymer distribution appears to be
responsible for the potential of a polymer melt to undergo shear induced crystallization.
This relationship between SIC and molecular weight can be explained by use of the
above thermodynamic relationships. Flow induced orientation of the polymer chains, as
stated earlier, reduces the entropy of the melt. With high molecular weight material, this

10

entropy change can be expected to be quite large. This in turn causes significant changes
in the equilibrium melt temperature. For low molecular weight material, however, the
entropy change is small This explains the lack of melting point change for monomeric and
low molecular weight material when beared, as observed by Porter and Johnson [1967].
2.1.3 Nucleation
Treloar [1940] observed that the extension of natural rubber increased the number
of crystal nuclei This finding was supported by others [Andrews, 1964], [Kobayashi and
Nagasawa, 1978], [Wolkowicz, 1978].
Wolkowicz sheared isotactic poly(l-butene) in a parallel plate rotary shearing
device. Nucleation rates were ultimately determined by photographing the sheared samples
at certain intervals and counting the number of crystalline particles. He found that shear had
little effect on the crystal growth rate when shear rates were low. He also found an
exponential relationship existed between the shear rate and the nucleation rate. He
concluded that the main contribution to the overall crystallization process is to assist the
primary nucleation process. [Wolkowicz, 1978],
Eder et aL [1990] provided an explanation for this relationship by use of a critical
size requirement for the formation of nuclei They reasoned that critical size considerations
are crucial in determining the role of stirring on the formation of nucleation sites in polymer
solutions. Coalescence of 4-5 clusters will form stable, effective nuclei However, the
clusters have low mobility when compared to single molecules. Therefore, collisions
between clusters will be infrequent under conditions of motion due to thermal energy only.
Mechanical action causing motion of the fluid will tremendously increase the probability of
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collisions. The authors wrote “It seems that these ideas can be useful for the explanation
of flow induced crystallization in polymer melts." [Eder et aL, 1990]
There exists two differing models to explain the effect of shear on nucleation rates.
The first model assumes intermolecular entanglements in steady flow act as temporary
crosslinks. These labile crosslinks cause elastic extension of chain segments [Fritzsche and
Price, 1974]. Keller and Machin [1967] used this model as a basis for explaining the
existence of both row nucleated structures (chain folded lamellae) and extended chain
crystals in crystalline samples which had undergone shear. They hypothesized the existence
of a network consisting of varied mesh sizes. When the network was subjected to a shear,
small meshes undergo larger deformations, which in turn lead to crystallization by extended
chain orientation. Larger meshes, undergoing smaller deformations, crystallize by chain
folded lamellae (as in quiescent crystallization).
This theory was supported by the findings from Gent [1966]. He showed that by
increasing the applied stress and increasing the network junctures (by crosslinking the
polyethylene samples he worked with), the content of extended chain crystals was increased.
He also found that formation ofthe extended chain crystals decreased when sheared samples
were crystallized at temperatures below the quiescent melt temperature. Keller and Machin
[1967] thought this was due to the appearance ofnuclei independent of the extended chains,
thereby allowing increased growth opportunities for the chain folded lamellae independent
of SIC.
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A second model [Eder et al, 1990] involves the presence of heterogeneous particles
acting as nucleating agents. In a sheared melt, they may cause localized disturbances which
act to stretch the chains thereby enhancing nucleation.
However, Eder et ai [1990] reasoned that the internal surfaces necessaiy for
nucleation must be created during the application of shear flow. They do not exist prior to
flow. Also, these surfaces (or precursors) can disappear, if flow is discontinued, through
relaxation (if held quiescent above the melt temperature). This would seem to refute the
heterogenous modeL
Further doubt as to the validity of the heterogenous model was provided by Lagasse
and Maxwell [1976]. They found that the addition of a nucleating agent, known to effect
the nucleation rates of quiescent polyethylene, had no effect on the kinetics of highly sheared
polyethylene samples. They concluded that the effects of shear on nucleation rates were
probably better described by the "elastic chain extensions due to entanglement couplings
between macromolecules." [Lagasse and Maxwell, 1976]
2.1.4 Crystallization
The mechanism of crystallization that occurs during the application of a shear stress
is know to be very different than that observed in quiescent crystallization. It is well known
that during the quiescent crystallization process, nucleation is followed by the formation of
lamellae. These lamellae consist of folded chain crystallites. Outward growth of the
lamellae from a common nucleus results in the formation of spherical structures known as
spheruhtes. Generally, the spherulites are randomly distributed and exhibit growth in three
dimensions [Rudin, 1982].
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A polymer melt that has been sheared exhibits a different crystallization process.
Orientation ofthe polymer results in the development of elongated crystals that are aligned
in the direction of flow. These crystals then serve as nuclei for the growth of row
structures, which develop as folded chain lamellae that radiate at right angles to the long
direction of the nucleus. Unlike quiescent crystallization, these structures exhibit growth
in only one direction. The row structure model has been used in connection with SIC from
the melt by various investigators [Garber and Clark, 1970], [Clark and Garber, 1971], [Rees
and Spruiell, 1974].
Experimental evidence ofthe row structure model was provided by Ulrich and Price
[1976]. Using a parallel plate, rotary shearing device, they were able to observe samples of
poly (ethylene oxide) crystallizing in the form of prolate ellipsoids. Under quiescent
conditions, the orientation ofthe ellipsoids were found to be random. Under application of
shear, however, the preferred orientation ofthe semi-major axes were found to be 90° from
the direction of shear. Row structures were formed in a direction perpendicular to the flow.
2.1.5 Temperature Effects
The phenomena of SIC is complicated by the effects of temperature. Heating and
cooling rates of the sheared polymer melts, from internal and external sources, have
profound effects on SIC.
Sherwood et aL [1978] found heat generated through viscous dissipation had the
effect of generating substantial temperature gradients within a polymer sample. They found
that at high shear rates, enough heat was generated to raise the sample temperature to the
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extent as to retard the nucleation process. They concluded that there is a critical point,
above which, the nucleation rate is no longer accelerated with increasing shear.
Haung and Cakmak [1990] discussed the effect of external cooling rates on SIC in
their study of injection molded polyether ether ketone. They found structural gradients
within the articles that consisted of three regions: a thin amoiphous skin surface, a semi
crystalline intermediate region, and an amoiphous core. They explained the apparent
complexity of this gradient by use of time, temperature, transformation (TTT) curves,
commonly used in metallurgy. Figure 2.1.5.1 is an example of a TTT curve.
Figure 2.1.5.1 is a two phase diagram showing the influence of shear and
temperature on final morphology. As suggested by Spruiel and White [1975], the twophase curve for stressed melts lie to the left of quiescent melts. This in conjunction with
different cooling rates can lead to the development of different morphologies.
2.1.6 Crystallographic Effects
As previously discussed, the application of shear stress to a polymer melt has the
effect of lowering the entropy of the melt. The total free energy of the system is related to
the entropy by the relation G=H-TS. Lowering the system entropy can therefore increase
the free energy of the system. The effect of entropy changes on the melting temperature
was previously discussed. Entropy changes may also affect the crystallographic form that
the polymer assumes.
Polymers can exhibit polymorphism in terms of their attainable crystallographic
forms. The polymorphism can be divided into two separate categories. The first includes
structures that exhibit differing repeat distances in the unit cell due to differences in the
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TTT curve of a polymer melt [Hsuing and Cakmak, 1990],
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ordering of chain configurations. In the second category, polymorphism arises due to
differences in the manner in which the unit cells of the crystalline sequences are packed
[Mandelkem, 1964], This second type of polymorphism is observed in polypropylene,
where the differing forms are denoted by a and p crystallographic forms. Moitzi and
SkaHck[1993] examined the effects of shear on polypropylene using WAXS analyses. They
found that quiescent samples ofpolypropylene crystallized almost exclusively in the a form.
However, even small shearing gradients caused significant increases in the volume fraction
of the p form. Ibis phenomena can be explained by the use of a free energy diagram
adapted from Mandelkem.
Figure 2.1.6.1 is a free energy - temperature diagram of three polymer structures.
The structures are represented by three curves, UM (unoriented melt phase), OM ( oriented
melt phase), a (crystal form 1), and p (crystal form 2). At all temperatures, the free energy
ofthe a form is higher than that of the p. The p form is therefore more stable, but is not
necessarily obtainable at all temperatures.

If pure a is heated up to Te (thereby

transforming it to a melt), crystals subsequently formed by cooling the unoriented melt phase
willnot contain any p. In order to begin quiescent p formation, temperatures in excess of
Tp must be achieved prior to cooling. Thermal energy is used to overcome the activation
energy needed to attain the p form.
If after reaching Ttt the melt is oriented, the free energy curve of the melt is shifted
from UM towards OM, as shown schematically on Figure 2.1.6.1. This is due to the
decreased entropy of the system. Formation of p crystals from the melt are now possible.
In this manner, the energy used to shear the melt is used to overcome the activation energy.
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Free energy diagram of different crystal forms (a and p) and melt
phases (UM = unoriented melt, OM = oriented melt).
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2.2 Crystallization Kinetics
Flow induced crystallization involves the coupling of the energy, momentum, and
continuity equations. This is caused by the heat evolution due to the heat of fusion, along
with temperature effects on crystallization rates. Also, the physical properties of the system
change enormously during the phase change. Therefore, modeling of the process becomes
very complex.
Hsuing and Cakmak [1990] expressed the equations of change for the system as
follows:
momentum : 0 - ^ ~ ( ^ ) dy dy
dy

(2.2.1)

continuity : Q = w jv tty
h

(2.2.2)

■

thermal energy : p C '(— + v— ) ' dt
dy
, r9x
.d*T

.2

(2.2.3)

p*-c77
* ] " *77
dt * v dy
dy + nY

The continuity and momentum equations are defined as usual The thermal energy equation,
however, was modified to account for the effects of crystallization. This was accomplished
through the heat capacity, which was defined as

where Acis the differential heat of fusion, A,, is the total heat of fusion, and %is the fraction
crystallized. Other authors have neglected the heat of fusion term in the energy equation,
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since it is typically much less than the viscous dissipation term (trf2) for example
[Janeschitz-Kriegl, 1992]. Also, several studies have been carried out under isothermal
conditions [Haas and Maxwell, 1969], [McHugh, 1982], [Titomanlio, 1990].
In order to develop relations for the degree of crystallinity needed in the energy
equation (and in the momentum equation through the viscosity term), most investigators
have begun with two models that have had great success in modeling non-shear data.
2.2.1 Quiescent Crystallization Models
One of the first crystalline kinetic models developed was the Avrami equation
[Avrami, 1939]. Originally developed for monomeric substances, it has nevertheless been
used successfully for polymers. It is generally written as:

i® - ■ 1 - « , ( - * / • )

A
»a»

(2.2.1.1)

where x. is the maximum attainable crystallinity, K^. is the crystallization rate constant. The
variable n* is the Avrami exponent. Its value depends on the geometry of the growing
crystals, and the nature of nucleation. The Avrami exponent has typically been taken to
represent the dimensionality of crystal growth. Decreasing values of n, during shear flow
alignment are therefore expected, but not always observed [Eder et aL, 1990]. The Avrami
model has been used extensively for crystallization studies, so some discussion as to its
applicability is appropriate.
The Avrami exponent has been generally been used to determine the dimension of
crystal growth. This arises from the mathematical derivation of the equation, which predicts
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integer values for homogenous nucleation. Table 2.2.1.1 lists the values of n generally
expected with specified nucleation and growth mechanisms.
Table 2.2.1.1 Values of n for various types of nucleation and growth acts
(Mandelkem, 1964].
Growth Habit

Homogeneous

Heterogeneous
Nucleation

Nucleation
Constant
Nucleation
Rates

Constant
Nucleation
Density

Constant
Nucleation
Rates

Three-dimensional

4

3

3ini4

Two-dimensional

3

2

2i n *3

One-dimensional

2

1

1i n i 2

hi reality, due to amplifications introduced in the derivation of the Avrami equation,
details ofthe growth geometry and the type of nucleation occurring can not be determined
by specifying the value of n [Fatou, 1986]. Ross and Frolen [1980] wrote that complexity
arises in the determination of n due to several factors, including: there may be two or more
crystallization processes occurring simultaneously, n may be a function of crystallinity, the
degree of crystallinity is not always well defined.
Factors known to effect the value of n include molecular weight. Increasing
molecular weight tends to decrease the value of n (Fatou, 1986].

Janimak and Cheng

[1991] found isotactic polypropylene n values can range from 0.5 to 1.6, when unmelted
material ("seeds") are present. Surface roughness, which determines the extent to which
surface nucleation may occur, can also effect n [Armistead and Goldbeck-Wood,1992]

21

examined surface nucleation, and its effect on crystallization kinetics. The authors classify
the feces of a crystal as being "smooth" or "rough", the mam deference being the number
of steps or vacancies contained on the surface. They write that a smooth material may
become rough at an elevated temperature known as the roughening temperature (Tr). For
smooth surfaces at a given supercooling, the bulk phase is stable, and surface nucleation is
unlikely, a nucleation barrier exists until the critical nucleus size is achieved. The authors
show that this barrier does not exist for rough surfaces, and that growth rate is a linear
function of the degree of supercooling.
Finally, it has been observed that the Avrami equation may only be valid during the
initial crystallization process [Mandelkem, 1964]. Fatou [1986] wrote, "Because the
Avrami relation is valid onfy for the initial part of the process, trying to fit the data over the
complete crystallization process range is in error, and probably contributes to the unsound
values ofthe reported exponents." Others have agreed, including Tobin [1974], who wrote
that the Avrami Equation provides good fits for conversions between 10 - 30%. Above
these values, the equation will overpredict the true crystallinity.
Although still useful, the Avrami model is purely isothermal Nakamura et aL [1972]
modified the Avrami equation so that a temperature dependency was built into the rate
constant. The Nakamura model is generally written as (in its integral form):
t

(2 .2 .1.2)
o
Where the rate constant, K^, now becomes a complicated, semi-empirical function. Under
isothermal conditions, the Nakamura model simplifies to the Avrami equation.
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2.2.2 Shear Induced Crystallization Models
Hsuing and Cakmak [1990], in working with p-phenylene sulfide, further modified
the Avrami and Nakamura models so that shear stress could be incorporated through the
rate constant As discussed earlier, the effect of shear stress is to shift the melt temperature
to higher values. Therefore, parabolic shifting equations are used to mathematically
represent this as:
log K * log Kp - A(T - T f

(2.2.2.1)

TP = T„ ♦ **

(2.2.2.2)

log Kp = log Kn * xC

(2.2.2.3)

Kp and Tpwere estimated from data in the literature, while A and B had to be estimated (ie.
fit parameters).
A less elegant approach for determining the crystallization kinetics as a function of
shear was developed earlier by Tan and Gogos [1976]. They began with the Avrami model,
but developed a semi-empirical model based on their experimental work with polyethylene.
They used the expressions
-K' + [Kfl * 4K"(t . - l)]w
C w(/) = ------- ------------ —^ ------ —
2K"

(2.2.2.4)

K' = 6.63 r ™

(2.2.2.S)
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(2 .2.2.6)

K " = 11.11

(2.2.2.7)

Where Cwis related to crystallinity.
A further complication is the treatment viscosity. Both investigators assumed a
power law functionality, however, each differed in the dependence on degree crystallinity.
Hsiung and Cakmak developed an Arrhenius type expression, which coupled the viscosity
with temperature dependence and shear rate:

- mo exp
t

r.

K n t f ) - 1)

(2.2.2.8)

Where Ta = AE/R, and AE is the flow activation energy, which can be found from
experimental data. T0is a reference temperature, m,, is the apparent viscosity at no shear,
T=T0. The Avrami exponent, n^, is fit with a simple linear relationship to the shear stress.
This is done to reflect the loss of orientational degrees of freedom of the polymer chains as
they become shear aligned.
Again, Tan and Gogos developed a semi-empirical relation for the apparent viscosity
that included an explicit crystallinity relation, but an implicit temperature dependency:
=

= i + K ' C " * K "C

Where K', and K" have the same definitions as before.

(2.2.2.9)

24

A theoretical analysis of the effects of shear stress on crystallization kinetics was
devised by Eder and Janeschitz-Kriegl [1989]. They assumed that the internal surfaces (or
precursors) necessary for nucleation are created during the application of shear flow. These
do not exist prior to flow. These surfaces can disappear, is flow is discontinued, through
relaxation.
They defined the parameter $, which is defined as the probability of the presence
of a precursor. Mathematically, this function is described differentially by:

x <j, „ [JL]2 (1 - 4>) - (J>

(2.2.2.10)

*a
ya is the shear rate of activation, and t is the relaxation time.
The first term on the right is seen as the growth contribution, while the second term
is the decay contribution (which increases strongly with temperature). Solution of this
function allow prediction of the onset of crystallization, where 4> > 1 indicates when
crystallization begins.
By analogy to the Avrami equation, this probability function is used to predict the
crystallization kinetics as follows:
£(<) =

- exp [- 4>0fl}

where £(t) is the degree of crystallinity, ^

(2.2.2.11)

is the maximum attainable crystallinity, and 4>0

is the integrated probability function, multiplied by growth factors.
When the system is isothermal, at a temperature T„ and a constant shearing rate, y,
has been applied for ts time, 4>0is expressed (ift > ts) by the following equations:
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4>o(0 -

G(1

-

±)% -

t[1 - e x p ( ~ ) ] { j -[l-exp(^)]}4

(2.2.2.12)

p * 1 ♦ (-T")2
'A
G = 2gjs^JSn

(2.2.2.13)
(2.2.2.14)

where t is the relaxation time, ya is the critical shearing rate, (g^gygj is the product of the
crystal growth velocities, and g„ is the nucleating velocity. These are material parameters,
and are strongly dependent on the temperature, Tt, at which the material is being sheared.
Moitzi and Skalicky [1993] were able to use the Eder model to describe the
crystallization kinetics ofmaterial that had been beared and held at a constant temperature.
The model fit their work with polypropylene well Table 2.2.2.1 is a summary of the
material parameters they found.
Table 2.2.2.1 Material parameters of the Eder - Janeschitz-Kriegl SIC model [Moitzi
and Skalicky, 1993],
Poly
propylene

Mw

Ts
°C

Y
s*1

t,
s

P

T
S

V.
(s'1)

G
(s'1)

KS10

290,000

135

4

60

306

10

1.3

3.7E-8

KS10

290,000

130

4

60

365

12

1.2

3.6E-8

PT55

160,000

130

4

60

1084

36

0.7

5.7E-9

KS10

290,000

130

12

20

364

36

2.0

7.7E-8

The Eder - Janeschitz-Kriegl model is the most theoretically sound analysis, since
the analysis is built up from first principles. Both the Hsuing-Cakmak and Tan-Gogos
model are essentially empirical fits of the data, although the Hsuing-Cakmak does
incorporate the effects of temperature shift with increasing shear stress.

26

2.3 Syndiotactic Polystyrene
2.3.1 Introduction
Polystyrene is a vinyl polymer consisting of long sequences of the styrene monomer
repeat unit, C8Hg:

CH — CH

Most polystyrene produced commercially is amoiphous. Due to its bulky, rigid chains,
polystyrene exhibits good strength and high dimensional stability. However, due to its low
glass transition temperature (100°C), its upper temperature limit is low. Because it lacks
crystalline structure, it is also attacked by organic solvents, and has poor weatherability and
impact strength. Nevertheless, over 5 billion pounds of plastics and 2 billion pounds of
elastomers were produced in the United States in 1990 [Chenier, 1992] for such uses as tires,
hoses, belting, shoes, coated fabrics, and electrical insulation (elastomer); and packaging film,
auto parts, containers, luggage, toys, pipes, and foamed products, including disposable coffee
cups (plastics).
Polystyrene is know to exhibit differing tacridties. Isotactic polystyrene (iPS) exhibits
a structure that contains all phenyl groups on the same side of the polymer backbone.
Syndiotactic polystyrene (sPS) is characterized by alternating placement of the phenyl groups.
Heterotactic polystyrene also exists, and exhibits no ordering in regards to the placement of
the phenyl groups. It is the form of the majority of the currently produced commercial
material. A representation of the three configurations is shown in Figure 2.3.1.1.
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Due to the disorder inherent in heterotactic polystyrene, this polymer does not
crystallize. iPS crystallizes, but at extremely slow rates [Peterlin, 1984]. This is due to the
difficulty of arranging the bulky phenyl groups into crystalline structures. By contrast, rapid
crystallization rates are observed in sPS. Increased rates are the result of reduced steric
hinderance achieved by alternating the placement of the phenyl groups during crystallization.
In addition to higher crystallization rates, sPS also exhibits a higher melt temperature,
and a higher total crystallinity (50%). Therefore, sPS currently enjoys intense industrial
interest.
2.3.2 Synthesis
A significant advance in the development of stereoregular polymers was reported in
1980 by Sinn and Kaminsky [1980], who found enormous catalyst activity in ethylene
polymerization reactions by allowing group 4 metallocenes to react with methylaluminoxane
(MAO).
This work was followed by Ishihara et aL [1986], who found that syndiospecific
styrene catalysts were formed when titanium halides or alkoxides, with or without a
cyclopentadienyl (Cp) ligand, were activated with MAO. Unlike previous studies [Natta et
aL, 1962], which required polymerization temperatures below >65 °C, Tshihara et al were able
to obtain sPS at higher temperatures. Since that time, much work has been done on
improving catalyst yield and on the use of differing catalyst systems. A typical metallocene
catalyst, with R, R', and R" representing various substituents, is shown on Figure 2.3.2.1.
Kucht et al [1993] worked with several different metallocenes and found catalyst
activity improved by increasing the presence of small, electron donating substituents on the
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Figure 2.3.2.1:

Typical metallocene catalyst used in the synthesis of sPS
|Kucht,1993].
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Cp ring and Ti center. Pellecchia et al [1992] developed a catalyst system consisting of
monocyclopentadienyl derivative of titanium, activated by tris(penta£tuorophenyl)boron. This
work was significant since it eliminated the need for MAO as an initiator.
Another significant recent finding was reported by Soga et aL [1993]. They were able
to obtain sPS by use of an Al20 3-supported Cp*TiCl3 catalyst activated by common
trialkylahiminums, which are less expensive than MAO or the boron based initiators used by
others. Although the activity ofthis catalyst is low, the authors suggest that this system may
be useful in the development of more practical polymerization techniques.
Ishihara and Kuramoto [1994] have successfully synthesized various ring substituted
sPS compounds. These include p-tBuSt, p-MeSt, m-MeSt, p-FSt, p-ClSt, and m-ClSt (where
St represents the styrene group). These compounds show promising physical properties,
including high crystallinity content.
2.3.3 Physical Properties
The high level of crystallinity observed in sPS (50%), as well as the inherent stiffness
of the backbone, gives rise to several interesting physical properties. For example, sPS is
known to exhibit excellent resistance toward moisture, steam, and various solvents [Newman
et aL, 1993]. Table 2.3.3.1 lists physical properties of neat sPS resin. Because of these
favorable properties, a wide range of products have been formulated with sPS. These include
glass reinforced resins and impact modified grades. Other properties that make the use of
sPS competitive to other engineering thermoplastics include exceptional electrical
performance, low specific gravity, and good toughness and modulus [Ishihara and Kuramoto,
1994].
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Table 2.3.3.1;

Physical properties of neat sPS resin [Newman et al, 19931.
Density (g/cc)

1.05

Tensile Strength (psi)

6000

Tensile Modulus (psi x 10"6)

0.5

Tensile Elongation (%)

1.0

Izod Impact (ft-Ib/in)

0.2

Flexural Strength (psi)

10,300

Flexural Modulus (psi x 10**)

0.57

2.3.4 Production
Very recently, intense industrial interest has been aroused as to the development of
commercial sPS processes. In feet, since 1991, over 13 patent applications regarding the
synthesis and production of sPS have been filed. One such submission, for a European Patent
Application, was written by the Idemitsu Petrochemical Company Ltd, regarding the process
for producing styrenic polymers containing high degrees of syndiotacticity [Imabayashi et aL,
1993].
This patent describes the invention of a process that allows the production of
polystyrene, with a high syndiotactic content, on a continuous basis. It consists of a fluidized
reactor operating at low pressures. The main feature of the process is that the temperature
is controlled within the reactor by vaporizing part of the styrene monomer feed. This reduces
the heat load on the reactor (ie cooling requirements). The authors claim that by controlling
the temperature in this method, problems such as difficulty in scale-up, adhesion of polymer
to the reactor, and particle agglomeration are eliminated. The main significance of this patent,
however, is that the authors have been able to protect practically all current chemistries used
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to produce sPS, as long as the reactor type is similar to the one they describe. Table 2.3.4.1
lists the properties of the sPS polymer produced in this method.
Table 2.3.4.1:

Properties of sPS produced by the Idemitsu Kosan Process
rimabayashi et aL, 19931.
Bulk Density (g/cc)

0.35

Conversion Efficiency (%)

65.5

Syndiotacticity (%)

98.4

Weight Ave MW

523,000

2.3.5 sPS Structure
The crystallographic forms of sPS are fairly well defined. Except for early references
[Vittoiia et aL, 1989], these forms have been referred to as a, p,6, and y- In addition, a
mesophase has recently been discovered in sPS.
In their work, de Candia et al [1992] gave descriptions of the crystallographic forms
exhibited by sPS. They describe thea crystalline form as consisting of hexagonal unit cell
packing containing zig-zag, or trans-planar backbones. This conformation is obtainable when
sPS is crystallized from the melt.
The p form also contains the zig-zag backbone, and is also obtainable when
crystallizing from the melt. However, this conformation contains an orthorhombic unit cell
Tighter crystalline packing gives this conformation a higher density, and therefore it is more
stable to solvent treatments.
The 5 structure occurs during solvent induced crystallization. This form consists of
clathrate (ie. solvent molecules are included in the crystals), helical structures. It can be
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obtained by dissolving the appropriate solvent into amorphous sPS material, thereby inducing
ciystallization.
The y form also consists of helical structures, and is also obtainable from solvent
induced crystallization. This conformation does not include the solvent and is therefore
sometimes called "dry 6". As might be expected, the y form is obtained by removing the
solvent from the 6 form, through either heating or vacuum conditions.
In addition to these classifications, the a and p forms can be further divided into a'
and a", and P' and P" respectively, depending upon the degree of order they contain.
Auriemma et al [1993] have written that the a' and P' modifications are limiting disordered
structures (ie. the least ordered a and p forms, respectively). The a" and P" are conversely,
the limiting ordered structures (Le. the most ordered forms). Structures intermediate to these
modifications can also be obtained. This description is in slight disagreement with that
provided by De Rosa et al [1991], who described the differing order as leading to two
distinct modifications, thereby implying that any intermediate structures are mixtures of the
distinct modifications.
Ordering differences refer to different orientation and relative distances between the
phenyl groups of adjacent chains[Wang et aL, 1992]. Regarding the p modifications, the P"
(ordered structure) consists of macromolecular bilayers of chains. Each bilayer contains
chains whose phenyl ring orientation, relative to the adjacent phenyl rings of each chain inside
the macromolecular bOayer, is consistent. This orientation altemahes orderly from bilayer to
bilayer. The p1(disordered structures) contain disruptions ofthe alternating bilayer structure,
with identically oriented layers laying adjacent to each other [Corradini and Guerra, 1992].
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The differing a modifications correspond to "the statistical occurrence of two specific
orientations of triplets of trans-planar chains, which leave unaltered the positions of the
barycenters of the phenyl rings at well-defined positions in the 3-D lattice" [Corradini and
Guerra, 1992],
In general, a' samples are obtained when insufficient time and/or thermal energy is
allowed to obtain the chain motion required for the more ordered a" form. Auriemma et aL
[1993] obtained films composed ofthe a' form by annealing amorphous sPS samples at 200°
C. Wang et aL [1992] similarly reported obtaining a' samples by annealing for five hours at
202° C. They also reported that by annealing at 220° C for five hours they were able to
obtain the a" modification.
The same trend is observed for the p forms. However, for these forms, annealing
above the normal melt temperature of 270° C is required. Auriemma made p1 films by
compression molding at 330° C Mowed by slow cooling to room temperature. No reference
has been found as to conditions used to obtain the P" modification. It can be assumed that
long residence times at high temperatures should lead to this form.
Recent work has shown that a third phase, a mesophase, can exist in sPS. de Candia
et aL [1991] were the first to report this. This phase, sometimes referred to as the premature
phase, exists separate from, but intermediate between the amorphous and crystalline phases.
It is generally taken to contain short range crystalline order, fit addition to sPS, a
mesomorphic form has also been detected in oriented and unoriented samples of syndiotactic
poly(p-methyl styrene). This polymer also displays a planar zig-zag conformation upon
crystallization [luliano et aL, 1992].
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Further evidence towards the existence of the mesophase was provided by Capitani
et aL [1992]. They showed, through the combined use of X-ray diffraction and NMR
analyses, the presence of partial or short range order in the amorphous phase of sPS.
de Candia et aL [1991] showed that the mesomoiphic phase can be obtained from
stretching amoiphous sPS samples. Further linkage between orientation and the development
a mesophase was provided by Petraccone et aL [1993]. They showed that X-ray patterns of
highly orientated samples revealed evidence of a mesomoiphic phase.
Petraccone et aL [1993] found that both oriented and unoriented samples displayed
mesomorphic phases which were transformed, through annealing, gradually into only the a
crystalline form. This is in contrast to crystallization from amoiphous samples which
produces mixtures of a and p forms. They suggested that this gradual transformation
indicates the presence of local arrangements of chains in the mesomoiphic phase, analogous
to those observed in the a form. They also hypothesize that the memoiy of a form,
maintained at up to 40° C above the normal melt temperature, could be related to the
stability in the melt of chain triplets like those present in the a form. Figure 2.3.5.1 is a
representation of the sPS mesophase based upon their work.
Auriemma et al [1993] analyzed the structure of the mesomoiphic phase of sPS by
use of Fourier transform calculations and the spectra obtained from a FTCR. In their work,
they obtained mesomorphic films by annealing amoiphous samples at 120° C for 15 minutes.
They also found that both oriented and unoriented mesomoiphic samples are transformed into
a form crystals. This again suggested that local organization of transplanar chains in the a
form exists in the mesomoiphic phase. This was supported by their work with Fourier
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Figure 2.3.5.1:

Projection along the chain axes of the mesophase triplets [Petraccone
et aL, 1989].
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transform calculations and X-ray diffraction. They concluded that the mesophase consists of
small and imperfect a form crystal, and may be thought of as containing paracrystalline
disorder between triplets of a chains.
2.3.6 Infrared Properties
Although the exact assignments of infrared bands for sPS are still not well defined,
several have been identified. Conformationally sensitive bands have been assigned at 1376,
1334, 1222, 548, and 1092 cm'1by several researchers [Ishihara et aL, 1986], [Conti et aL,
1988], [Kobayashi et al, 1988], [Kobayashi et aL, 1989], [Reynolds and Hsu, 1990]. The
1376 and 548 cm*1bands were found to correspond to coupling of the benzene ring to the
backbone, and the 1334 and 1222 cm'1 bands are associated with the chain backbone
[Reynolds and Hsu, 1990]. The 1222 cm'1corresponds to the presence of planar trans-trans
bonds. Absorbance at this band is due to "CCH bending of the CHj and CH groups and CC
backbone stretching"[Reynolds and Hsu, 1990], This band has therefore been widely used
to indicate the formation of crystals from the melt by several researchers [Reynolds et aL,
1989],

[Filho and Vittoria, 1990], [Vittoria, 1990], [Reynolds et aL, 1990], The 1092 cm'1

band is also related to crystalhnity, but it is much weaker than the 1222 cm'1band. The exact
assignment ofthis band has not been explained. Conformationally insensitive bands occur at
1601

and 1585 cm'1. These are due to benzene ring CC stretching and are similar to those

observed in toluene [Reynolds and Hsu, 1 9 9 0 ].
For solution cast samples (Le. y form) the bands at 943 and 934 cm'1disappear with
annealing, indicating the transformation from y to a. These bands have been assigned to
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structures containing gauche transformations [Reynolds and Hsu, 1990]. Table 2.3.6.1 lists
the assignments of the bands listed above.
Table 2.3.6.1: Assignments of several sPS IR bands [Reynolds and Hsu, 1990], [Rastogi
and Gupta, 1994]. ___________________________
sPS IR Bands
cm*1

Assignment

1601

CC Ring Stretching
(conformationally insensitive)

1583

CC Ring Stretching
(conformationally insensitive)

1505

CH in Plane Bending

1376

CCH Backbone Bending,
CH in Plane Bending,
CC Stretching

1323

CH in Plane Bending

1222

Trans-Planar Backbone

1183

Backbone CC Stretching
Backbone HCC Related Bend
(conformationally insensitive)

943

Helical (Gauche) Structures

934

Helical (Gauche) Structures

Reynolds et aL [1991] studied polymorphism in sPS. In this study, the authors
measured the phase transformation kinetics between a and y conformations of sPS. They
used IR absorbance to determine changes in the relative amount of each form. The integrated
peak intensity at 1222 cm*1was used to measure changes in the amount of a conformation
crystals. Peaks at 943 and 934 cm*1were used to determine changes in the amount of y
crystals. Differences due to sample thicknesses were normalized by use of the integrated
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peaks at 1601 and 1585 cm1. As previously stated, these peaks correspond to the stretching
ofthe benzene rings, and are therefore insensitive to chain conformation. The 1222, 943, and
934 cm'1peaks are completely absent in amorphous sPS [Jasse and Koenig, 1979], [Reynolds
and Hsu, 1990].
FOho and Vittoria [1990] used the infrared properties of sPS to develop relationships
between crystallinity and IR absorbance. They corrected for different film thicknesses
bynormalizing the intensity at the 1222 peak by dividing by several reference peaks, including
peaks at 1950,1183,1028, and 904 cm'1. They reported that their best results occurred when
using the peak at 1183 cm'1. The 1183 cm'1peak contains mainly the contributions of the
backbone C-C stretch and the backbone related H-C-C bend [Rastogi and Gupta, 1994].
Although the existence of a mesophase in sPS is only a recent development, a method
of characterization of the mesophase from the amorphous and crystalline regions, by use of
IR absorption, has been reported [Auriemma et al, 1993]. Subtle differences in the IR
absorption spectra were evident at 1224 cm'1, and over the 1335 - 1375 cm*1and 902 - 911
cm'1ranges.
2.3.7 Crystallization Kinetics
Since sPS is a relatively new material, frw studies have centered on the crystallization
kinetics ofthis material. However, the quiescent isothermal and non-isothermal crystallization
kinetics have been considered in two recent works.
Cimmino et al [1991] investigated the isothermal crystallization kinetics of sPS using
a DSC and optical microscopy. In this study, sPS films were heated between two glass slides
up to 300°C. The temperature was then lowered to the crystallization temperature, and the
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radial growth of spheruktes were observed Spheruhtes ranging from 30 - 80 pm were found,
with growth rates from 1.8 - 5 pm/minute. These growth rates are two orders of magnitude
greater than that observed in isotactic polystyrene, at the same temperatures.
Integrated DSC results were used to determine the changing ciystallinity of quiescent
sPS samples at various subcooled temperatures (240 - 250°C). Results were fit to the Avrami
equation. Exponents ranging from 2 - 3 were obtained, indicating mixed growth and
nucleation mechanisms.
Wesson [1994] examined the nonisothennal crystallization kinetics of sPS, again using
integrated DSC results. The Nakamura equation was used to model the data. The Nakamura
rate constant was expressed as:

k (T ) » k

eXp

- U

si

[ -------------------- -

R(T -TJ

T(T° - T ) f

]

s<y * m i \
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hi this equation, R is the universal gas constant, and k„, U and A are material parameters.
The variable f is a temperature correction term.
This rate constant was incorporated into the integrated Nakamura equation, with a
heating rate $ - dT/dt, and the following was obtained:
X(T)* 1 - exp{-

m
i
■
f[k(T)]n dT ]"}
m

(2.3.7.2)

This equation was used to successfully model the non-isothermal crystallization of sPS at
cooling rates of 10,30, and S0°C/minute. Table 2.3.7.1 lists the values of the parameters
found for three different molecular weight sPS samples.
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Table 2.3.7.1: Material parameters of the non-isothermal crystallization of sPS [Wesson,
19941.
Material
ID

Mw

n

K

A

U
(cal/mole)

SPS162

348,000

3.04

25.61

181,290

1658.8

SPS160

562,000

2.88

22.02

164,176

1806.7

SPS164

805,000

3.00

33.44

128,000

2412.9

A strong relation between molecular weight and crystallization rate was observed in this
study. Also, the sPS maximum crystallization rates were found to be approximately 10 times
lower than those of high density polyethylene.
2.4 Experimental Design
A variety of rheometer designs have been utilized in the study of SIC. Choice of a
design to be used in this study was made after consideration of previous work in conjunction
with the objectives of this study.
Various researchers have used parallel plate rheometers to study the effects of shear
induced crystallization. One experimental design uses translating plates. Haas and Maxwell
[1969] made small films (>0.5 mm) of poly(butene-l). They were stressed by applying a
constant force to shear the material. Displacement of the movable slide was measured. After
shearing, the morphology was observed by use of an optical microscope.
Werta and Gogos [1971] improved upon this design by use of X-ray diffraction to
determine morphological changes in the sheared polymer sample. They observed volume
changes of up to 8% upon crystallization.
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Katayama et al. [1976] designed equipment that would allow the use of X-ray
counters and laser light scattering. This apparatus could determine crystallization onset and
could measure the ciystallinity of their sheared sample as it increased with time.
Lagasse and Maxwell [1976] designed equipment that subjected the polymer sample
to a constant shear rate. This differed from earlier studies that exposed samples to a
constant shear stress. This allowed them to measure the large increases in shear stress that
occurred at the onset of crystallization. It also led to the development of an important SIC
parameter; induction time. This is the time that it takes for a polymer sample, exposed to
a constant shear rate, to begin crystallizing. The induction time has been shown to be a
function of shear rate, temperature, and material
A second experimental design includes the use of rotational viscometers. Kobayashi
andNagasawa [1970], Ulrich and Price [1976], and Sherwood et al [1978] performed shear
induced crystallization studies using rotational viscometers. All measured the viscosity of
the melt, and took increases in the viscosity as increases in crystallinity.
The device constructed by Ulrich and Price [1976] consisted of two parallel flat,
glass plates. By rotating one of the plates, several differing shear rates could be observed
in the sample during each experimental run. Changes in crystallinity were obtained by use
of laser light scattering and viscosity changes.
Eder et al. [1990] constructed a rectangular cross-sectioned duct to perform their
studies. Tliey felt this design eliminated the problems involved with density changes during
crystallization, as reported by Werta and Gogos [1971], After quenching the sheared melt,
microtomes were analyzed using a polarizing microscope in order to determine morphology.
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Mofcri and Skalicky [1993] used a parallel plate design similar to that used by Haas
and Maxwell [1969]. They designed a rheometer specifically to use in conjunction with
WAXS to determine the effect of shear on the ciystallization kinetics of isotactic
polypropylene.
Upon consideration of these experimental designs, as well as the goals mentioned
in the introduction, it was decided to construct a parallel plate rheometer similar to that of
Haas and Maxwell [1969]. This design has the advantage of simplicity, as well as low cost.
Hie simplicity is due to the flow geometeiy observed in the parallel plate rheometer.
It is displayed below:
X

/ / / / / /
U

For most of the commonly used rheological models, such as Newtonian or
powerlaw, the shear rate y and shear stress t are constant. The velocity, u, is a linear
function of height.
V = U/ H

(2.4.1)

t = nV = ti (u/f.i)

(2.4.2)

u = U (y/H)

(2.4.3)
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Where r| is the apparent viscosity of the polymer melt. All three of these variables are
independent of position in the x or z plane. This is not true for rotational viscometers, such
as those used by Ulrich and Price [1976].
Ciystallinhy detection in the research reported herein, was accomplished through the
use of a single beam, infrared spectroradiometer. Absorbance of certain bands was used to
indicate crystallinity. Unlike methods which measured indirect crystallinity changes (i.e.
viscosity changes, stress changes, polarized light), this method allowed measurement at a ■
molecular level. Use of X-ray equipment would give similar results, but with much higher
equipment costs.

CHAPTER 3
EQUIPMENT
3.1 Calibration Equipment
This study involved the use oftwo broad categories of equipment, each of which will
be described in detail. The first group consists of the equipment used to develop the
relationship necessary to relate infrared (IR) absorbance to crystallinity in sPS. The second
category includes the rheometer developed specifically for this work.
In order to develop the master curve relation between IR absorbance and sPS
crystallinity, a temperature controlled polymer press was used in conjunction with
equipment in the Chemistry Department Polymer Analysis Lab. This included a PerkinElmer FT-IR Spectrometer 1760X, and a Seiko Instruments DSC2200C differential
scanning calorimeter (DSC).
sPS samples of varying crystallinity were prepared using an experimental hot press
developed for this study. This press consists of two aluminum plates (4" x 3" x 1/2") held
together by four 1/2" bolts threaded through the plates. The plates contain holes for two
cartridge heaters (120 VAC, 104 Watts/in2) and thermocouples. The heaters are connected
to an AC relay rack, which is in turn connected to a PC based control card. Two J type
thermocouples are connected to an analog input board also connected to the control card.
Polymer samples were loaded between the two plates and the appropriate temperature
profiles were programmed into the computer using the software Labtech Notebook. Figure
3.1.1 is a schematic of the polymer press.
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Figure 3.1.1: Schematic o f the polymer press used in the calibration studies.
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3.2 Rheometer Equipment
The experimental rheometer was constructed, from components, so as to allow the
real time measurement of crystallinity changes in a polymer melt, as influenced by a shear
flow. The rheometer can be divided into two main components, the equipment used to
control temperature and motion, and the IR detection equipment. The strain rate preset for
each experiment was imposed by the motion control components, with the force necessary
to maintain that motion detected and converted to stress. A schematic of the entire
rheometer system is shown on Figures 3.2.1.
The rheometer was constructed in stages, due to the long delivery time of the
infrared equipment. Because of this, two types of experiments were conducted. They
include the stress measurement experiments, and the IR measurement experiments. While
both involved shearing a polymer sample at constant shear rates and temperature,
differences between the two experiments were necessary due to equipment limitations and
unequal response times of the parameters measured.
During both experiments, polymer samples were sheared between two slides.
Stainless steel slides were used for the stress measurement experiments, while NaCl slides
were used in the infrared experiments. NaCl allows transmission of the IR bands of interest
to this study. Since IR was not used in the stress measurement experiments, the cheaper,
more durable stainless steel slides were used during these experiments.
Regardless ofthe material of construction, the slides were held in place by aluminum
plates, built in the Chemical Engineering Mechanical Shop. The top plate, holding the top
slide, is held fixed to the optical port of a converted microscope.

Figure 3.2.1: Schematic o f the entire rheometer system.
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The bottom plate is attached to the stage of the microscope. Motion is provided by
displacement of this stage.
Both plates were constructed to allow insertion of 0.25" ID, 120 VAC, 200 Watt,
cartridge heaters. These cartridge heaters were obtained from Omega Corporation, and are
rated at 103 Watts/in2. The plates also contain holes for type"J" thermocouples.
The cartridge heaters are connected to a solid state relay rack. This rack acts as an
on/off switching mechanism to the heaters. Heat control is provided by means of a feedback
loop consisting of the thermocouples and the cartridge heaters. Figure 3.2.2 is a detailed
representation of the electronic components of the rheometer temperature and motion
control
The microscope stage is coupled to a linear motion stage by means of a "L - shaped"
coupling. This coupling allows the independent up/down motion of the microscope stage,
needed to adjust the gap height between the two slides. The linear motion stage is in turn
driven, by means of a gear arrangement, by a 23 ounce-inch, 3600 RPM servo motor
purchased from Cyberresearch. A 28 VDC, 7 amp power supply, and a 2-axis, 7 amp motor
analog servo amplifier were necessary to drive the servo motor.
In order to measure the speed of the stage, a 6 VAC generator was connected, via
gear drive, to the linear motion stage. Rotation of the stage spindle was thereby converted
into an AC voltage which is directly proportional to the speed at which the stage is
operating.

A bridge rectifier was connected to the AC generator.

This rectifier
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Figure 3.2.2: Schematic o f the electronic components o f temperature and motion control.
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converts the AC signal from the generator into a DC signal The DC signal can then be
directly plugged into the analog input board, where it is converted to a digital signal and
monitored on the PC. This signal is used in a feedback loop where the speed of the stage
is maintained at a constant preset value.
Li addition to the bridge rectifier, the AC relay rack, thermocouples, and servo
motor amplifier, are also connected to a 386/33 MHz IBM compatible personal computer
(with 4 MB RAM) through a Validyne UPC608 direct sensor input card. This card
generates the analog input, analog output, and digital output signals necessary to drive the
entire system
A software program, Labtech Notebook, was used to interface the user to the
system This software has a graphical interface which facilitated the programming needed
to provide data acquisition and controL This software contains a PID controller which
monitors the input from the AC generator and sends a corresponding output signal to the
servo motor so as to maintain a constant speed. The PID controller was tuned according
the Ziegler-Nichols method found in the Chemical Engineers1Handbook [Perry and Green,
1984].
A sophisticated control scheme was created using the Labtech Notebook program,
including some improvements upon the standard methods for controlling the heating
routines. Details of this scheme were submitted for publication by our group, and are
included in Appendix A.
Hie IR subsystem, used exclusively in the IR measurement experiments, begins with
signal generation. An infrared signal is generated by a ceramic Nemst glower operating at
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1000-1200 K This provides light in the spectral range of 2.0 to 30 pm. The entire signal
is sent through the sample chamber, passing through the NaCl slides and the polymer
sample. Depending on the crystallinity of the sample, a certain amount of the signal is
absorbed. As the sample crystallizes, the absorbance increases.
After the entire spectral range passes through the sample chamber (less the amount
absorbed by the polymer sample), it then enters the monochromator. The monochromator
allows only a preset bandwidth to pass. The filtering is accomplished through the use of a
high-efficiency Czemy-Tumer single diffraction grating. A detailed representation of the
monochromator is shown on Figure 3.2.3.
The diffraction grating is an optically flat, aluminum coated substrate that contains
a large number of fine, equidistant grooves. These grooves have been cut into triangular
shapes with a diamond edge. Light that strikes the gratings is dispersed by the grooves into
a series of spectra on both sides of the incident beam. Additional optics (the focussing and
turning mirrors) are required to focus the spectral lines. The particular dispersion grating
used in this system contains 150 grooves per millimeter. The usable wavelength range is 6.4
- 12 pm.
Fixed slits are required for the entrance and exit of the monochromator. Optronics
provides six slit widths fiom 0.125 to 0.50 mm. The slits are used to select the appropriate
bandwidth - signal intensity combination. The use ofthese slits ensures the highest available
repeatability and accuracy. They are needed due to the dispersal of the signal though the
internal length of the monochromator.
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Figure 3.2.3: Schematic o f IR equipment to be used with the rheometer.
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The narrower the slit, the finer the resolution of the incident light. However,
enhanced resolution is accompanied by a loss of signal intensity. The effect of slit width
on resolution is measured through the use of the half-band width (HBW).
The HBW is defined as the lull width of the bandpass at on half power of the center
wavelength. The higher the HBW, the lower the resolution, since the signal is more
disperse. Because the monochromator is positioned seven cm away from the IR source to
allow for placement of the rheometer, and since the polymer sample tends to absorb most
of the incident light, signal strength is limited. Therefore, it was necessary to use the 5 mm
slits. The allowed intensity varies with the square of the ratios of the slit widths. So the
5 mm slits allow four times the intensity of the 2.5 mm slits. However, as previously stated,
this leads to a loss in resolution. The HBW of the 5 mm slit is 20 nm while that of the 2.5
mm is only 10 nm.
For sharp IR bands, this loss is not a big problem. Fortunately, this is the case for
the 1225 cm'1band of sPS. Figure 3.2.4 shows the normal distribution of intensity about
the 1225 cm*1with the 5 mm slits. In general, 2.5 mm scans displays appear as sharper, less
broad peaks than do the 5 mm scans. But since measurements taken are relative to each
other, and not to those with differing slit widths, the 5 mm results are satisfactory.
The OL 750-C controller contains an IBM compatible 386 motherboard, and is used
to operate the monochromator. The controller positions the grating so that the desired
wavelength is allowed to pass through the monochromator optics.
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The wavelength is chosen through a personal computer, which communicates to the
controller via RS232 connection. The user is allowed to choose a wavelength to monitor
through use of Optronics software.
After passing through the monochromator, the spectral signal is converted to an
electrical signal by use of a pyroelectric detector. The detector has a infrared transmitting
KRS-5 window which allows passage of the infrared signal, and is calibrated for response
from 1 to 20 pm. It is powered by a 10 volt power supply.
From the detector, the analog millivolt signal is translated into a digital signal by use
of the system controller. The digital signal is then sent to the computer by the RS-232
connection. The computer then logs the real time change in the intensity of the signal. At
low ciystallinities, high intensities will be observed. As crystallization begins, the intensity
will decrease.

CHAPTER 4
PROCEDURES
4.1 Calibration Procedures
Calibration experiments were performed in order to relate the degree of crystallinity
in sPS to its infrared absorbance at the 1225 and 1183 cm'1bands. This was accomplished
by producing several samples of different ciystallinities, and then examining them on the
DSC and FUR.
sPS, provided by Dow Chemical (M* = 458,000, M* /

~ 2.5 ), was made into

rectangular films approximately 0.25 mm thick by use of the polymer press. Starting with
the y form powder, approximately 1 gram was heated to 30.0° C (30° C above the normal
melting point of sPS) and held at this temperature for 3 minutes. Pressed samples were then
either quenched to obtain amorphous samples, allowed to cool slowly so as to maximum the
crystallinity, or annealed at a specific temperature and time to obtain intermediate samples.
Since sPS crystallizes rapidly, samples were quenched by submersing the entire press into
a large container of ice water.
Film samples were then analyzed on the FT1R. The samples were scanned at a
resolution of 4 cm'1, over the range of4000 - 200 on'1. Typically, 30 scans were performed.
Samples were rotated 90°C, and analyzed again. Final results were averaged. The DSC
was then used to determine the percent crystallinity of the samples.
Conventional DSC scans reveal, for samples with lower than the equilibrium
crystallinity of about 50%, an exothermic peak and an endothermic peak. For sPS, the
exothermic peak generally displays a maximum at about 145 °C, and is representative of
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melt crystallization. As this additional material crystallizes, heat is given off This is
indicated by a positive peak. The second peak, an endothermic peak, begins around 250°C
and peaks at about 270°C. This is the melting peak, caused by the melting of all crystals
present.
By taking a ratio of the two peak areas, the initial sample fractional crystallinity
should be attained. The equation involved in the calculation of relative crystallinity in this
manner is:
Xc = (AH,„- AHeVAHn,0

(4.1.1)

where AH,,, is the heat absorbed during melting, AHe is the heat release upon crystallizing,
and AHn,0 is the heat absorbed during melting for fully crystalline sample, which is a
theoretical value, since 100% crystallinity is not possible for sPS. A value of 53 mJ/mg was
obtained for AH^0 by extrapolating the crystallinity - melting enthalpy data of de Candia
et aL [1992]. A schematic representation of a typical DSC trace of sPS at 10°C/minute is
displayed on Figure 4.1.1. The peaks used to determine crystallinity have been denoted.
However, at typical heating rates (10 * 20°C/minute) this method was not useful in
determining the percent crystallinity of sPS samples. This has been confirmed by several
studies [Vittoria et al, 1989], [Filho and Vittoria, 1990], [de Candia et aL, 1992], [Wang
et aL, 1992]. The problem may lay in the complex conformational and phase transitions
exhibited by sPS.
At temperatures between the glass transition and melting point, sPS is known to
equilibrate between its crystallographic forms.

In addition, there is the further
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Figure 4.1.1: Schematic of typical sPS DSC scan, at 10°C/minute. Area B is
approximately 10% larger than area A, indicating the possibility that
additional transformations occur.
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complication of the mesophase. The mechanics of these transitions are not completely
known. Any or all these transitions will be accompanied by heat effects, since they are all
first order thermodynamic transitions, thereby potentially masking the DSC trace.
A modification of the DSC method was developed by our group. This involves
extremely rapid heating of sPS samples (at 80 °C/minute) so as to limit the time allowed
for any additional transitions. Results from this work were published earlier [Krzystowczyk
et al, 1994]. Two DSC analyses were performed for each sample to ensure uniformity, and
the averaged results were then used to determine crystallinity using the equation previously
discussed.
The DSC method was confirmed by preparing a film sample at conditions known to
lead to the amorphous phase (melted sPS held at 320°C for 3 minutes, then quenched in ice
water). The rapid heating DSC method yielded a lack of any appreciable crystallinity in the
sample (the melt enthalpy equaled the crystallization enthalpy). This lack of crystallinity was
confirmed by x-ray analysis. DSC runs at lower scan rates (10°C/min - 40°C/min) did not
yield the low crystallinity confirmed by x-ray analysis, but instead gave levels around 10%
(see Figure 4.1.1).
4.2 Stress Measurement Experiments
Stress measurement experiments were performed in order to determine the shear
stress response of sPS melt samples to a constant shear rate at different isothermal
conditions. These experiments yielded stress response curves, from which viscosity and
induction time data were obtained. They were also used to determine the effects of shear
stress on final sample crystallinity, and crystallographic form.
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Samples of sPS were pressed into 15 x 20 x 0.3 mm, amorphous films using the
polymer press. These films were placed between the two stainless steel plates. The samples
were than rapidly heated to 290°C, and held at this temperature until they were completely
melted. The gap distance between the two plates was set to either 0.1 or 0.2 mm, and the
shear rate was adjusted by varying the velocity of the bottom plate according to the
equation:

YeJ

(4.2.1)

where U is the plate velocity, H is the gap distance (0.1-0.2 mm) and y is the shear rate.
After holding at 290°C for five minutes, the samples were rapidly cooled to a
predetermined temperature (250, 270, or held at 290°C). This was followed by the
isothermal shearing of the sPS melt between the plates, for a total displacement of 40 mm.
Velocities ranged from 0 (quiescent) to 2 mm/s. This corresponded to shear rates ranging
from 0 to 12 s'1(each sheared at constant rates).
The 40 mm travel was a limitation ofthe equipment. The frill travel of the rheometer
was only slightly longer (50 mm). Also, the NaCl slides that were to be used in the IR
measurement studies were only obtainable in lengths of 50 mm or less. The equipment was
designed with this limitation in mind.
The gap height was alternately changed from 0.1 to 0.2 mm. Each height was used
in about one-halfofthe total runs. This was done so as to show that the shear rate, not the
shear exposure time, was the critical parameter.
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During the run, the shear stress response was tracked using computer data
acquisition. The stress levels were determined by the calibration of force measurements to
the voltage required to keep the plate velocity (and therefore the shear rate) constant. These
traces were subsequently used to determine induction time and melt viscosity.
After foil travel of the plates, the experiment was halted. The samples were allowed
to cool to room temperature at a rate of about 5 °C/minute. Samples were then collected
and analyzed in the Perkin-Elmer FT-IR Spectrometer 1760X. The samples were scanned
at a resolution of 1 cm*1, with 30 scans performed per sample. Each sample was analyzed,
rotated 90°, then analyzed again. An average ofthe two analyses were then taken, although
little difference was found between the rotated values.
Approximately 15 samples were run at each of the following temperatures; 250°,
270°, and 290°C (for sPS, the peak melt temperature is about 270°C, while the peak
crystallization temperature is around 245°C). In some cases, multiple readings (up to three)
were taken, depending on the final sample thickness. These were averaged so as to obtain
one data point. As in the calibration work, the IR spectra, specifically the absorbance at the
1222 and 1183 cm'1bands, were then used to determine the final sample crystallinity. The
IR spectra around 900 cm'1was also analyzed for the effects of shear on the a-p content.
4.3 IR Measurement Experiments
Prior to each run, the OL750 spectroradiometer was recalibrated to the intensity of
the IR source at the separation distance used in this experiment (approximately 8 cm). The
calibration resets the grating factors for optimal wavelength accuracy. Although calibrations
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are not required for each run, it was found that frequent calibrations compensated for lamp
wear or other external factors subject to variation from run to run.
After recalibration, background scans were performed over the wavelength range
of interest (1244 - 1168 cm*1). This was done by manually (through keyboard control)
changing the wavelength of the observed spectra. The background scanned included the
transmittance (measured in detector amps) without the rheometer in the source path, and
the transmittance with the rheometer in the path, but without any sPS sample. The
backgrounds were subsequently used to calculate the sample transmission by the equation
(as given in Appendix D-14 of the OL750 Operation Manual):
T(A.) = S T / ( S BK( A . ) - i )

II

</}

X
St

i
=
x(X) =

( 4 3 .1 )

wavelength
signal reading of the test sample (amps)
background reading (amps)
dark current reading (amps)
sample spectral transmittance

Using this equation, the raw transmission data was calculated. However, this data
needed to be converted into normalized values (to account for differing intensities due to
sample thickness, NaCl plate differences, or source variability from run to run). This was
accomplished using QUATTRO/PRO spreadsheets. Details of the equations used to
normalize the data, and to convert the transmission into absorption, are outlined in
Appendix B.
The dark current reading, i, is set from the Instrument Control panel of the OL7SO
control software. It is taken when the equipment is shuttered, and is automatically
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subtracted from the signal. The value of the dark current is typically set a 0.042 - 0.046 x
10‘12amps, which was about 1% of the typical background signal.
A background scan of the IR source only (without the rheometer in the path) was
taken over a wavelength range of 1244 - 1168 cm'1. A linear relationship was observed
between this background signal intensity and the wavenumber. Typical scans yielded an r2
ranging from 0.97 - 0.99. Since this relation was observed to be consistent, for most runs
only five or six points over the range were collected and regressed.
A scan through the rheometer, without the sample was taken next. This scan, over
the same wavelength range, showed how much of the signal is lost by obstruction of the
rheometer, as well as by absorption of the NaCl plates. Typically this signal was 65 - 75%
of the background signal. Figure 4.3.1 displays the results of both types of background
scans.
Figure 4.3.1 shows a slightly differing slope between the two types of background
scans. This is due to the absorption of signal by the NaCl plates. While this absorption is
small, it was found that better results were obtained when results from this scan were used
as the background in the transmittance equation.

Again, since the wavenumber -

transmittance relation was observed to be consistent, for most runs only five or six points
over the range were collected and regressed. This method not only saved time, but also
smoothed any fluctuations observed in individual readings.
The next step in the procedure was the measurement of the sPS sample
transmittance. This scan was performed to record the initial condition of the sPS. Usually,
amorphous sPS samples, measuring about 25 x 15 x 0.5 mm, were placed between the NaCl
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Figure 4.3.1: Background scans of the IR source, both without and with the rheometer
in the source path.
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plates, after the levelness of the plates were measured and adjusted. After loading the
iheometer, it was put back into position, in the path of the IR beam. Transmittance values,
measured in amps produced by the detector, were then taken at 4 cm*1intervals, between
the range o f1244 - 1168 cm*1. As with the previous scans, these readings were also taken
at room temperature.
After the sample scan, a nitrogen sweep line was fitted into position, as close to the
sample as possible. The sweep line consisted of a pressurized nitrogen tank connected to
a 0.25" ID plastic hne. Nitrogen could he directed to the sample in this manner. Since sPS
is known to degrade at temperatures not far above the melt temperature (see Fig 4.3.2 for
an sPS TGA analysis performed in an air atmosphere), a nitrogen atmosphere is desirable
to limit decomposition. However, due to the bulk of the equipment and the numerous lines
into and out of the rheometer, it is not feasible to entirely enclose the system A nitrogen
sweep was used instead, and was found to limit sample decomposition. This is shown
graphical^, by Figure 4.2.3, where a nitrogen atmosphere drastically reduces the
decomposition in an sPS sample, hi order to increase the nitrogen concentration around the
sample, an aluminum foil baffle was placed opposite the nitrogen line.
The sample was then heated. Using a Labtech Notebook program, a heating rate
of about 9.5°C/minute was applied until the sample reached 290°C (for details of this
program, see the Appendix). During the heatup, the transmission at 1225 cm*1was logged
at sue second intervals. This data, when combined with the temperature (simultaneously
logged at six second intervals) was used to construct temperature - transmission curves.
These curves documented the non-isothermal crystallization of sPS and were used as a

Figure 4.3.2: sPS TGA in air, at 10°C/minute (courtesy of Albemarle Corporation).
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thermocouple check, since the crystallization and melting ranges of sPS are well
documented.
After reaching 290°C, the sample was allowed to cool to 285 °C. The temperature
was then maintained at 285 °C for ten minutes to ensure complete melting. In early runs,
the melt temperature was held at 290°C for fifteen minutes, but some signs of
decomposition were observed with these conditions.
The plates were then tightened to a predetermined gap width. This was measured
prior to the run by use of a calibration spacer, and the height adjustment verniers of the
rheometer were calibrated. The amorphous sPS samples were always thicker than the gap
width, to ensure complete covering of the NaCl plates.
A sample transmission scan was then taken over the 1244 - 1168 cm'1 range at
285°C. This scan was used to confirm complete melting ofthe sample (absence of the 1225
cm'1 peak). Complete melting was also confirmed by examination of the temperature transmission curves generated during sample heatup.
After the melt stage was completed, the temperature was allowed to drop, at about
15°C/minute, to the preset crystallization temperature. When this temperature was
achieved, the motor was activated via keystroke, and the logging of the 1225 cm'1
transmission were simultaneously activated The transmission data was logged at six second
intervals, while the motor was monitored at 20 Hz. After complete travel of the stage, the
motor was stopped The crystallization temperature was maintained until the transmission
of the sample showed no further change (from one to four hours, depending on the
crystallization temperature).
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Modifications made to the Notebook program allowed for very good temperature
control. For example, for most runs, the 95% confidence limit of the crystallization
temperature was found to be less than 0.1 °C. Figure 4.3.4 displays the time - temperature
program of these experiments. Table 4.3.1 lists the statistics for one hour of operation at
the crystallization temperature, for five different crystallization temperatures. These include
the average values, the 95% confidence values, and the total range of temperature change
during this period.
For most runs, afier crystallization was complete, a 1244 - 1168 cm'1scan was made
at the crystallization temperature. This scan was then compared to a final scan, taken afier
the sample was allowed to cool to room temperature. The comparison showed how much
of the total crystallization had occurred at the crystallization temperature.
For runs at elevated temperatures, 265 and 270°C, no appreciable crystallinity was
observed afier more than one hour. For some of these runs, an additional non-isothermal
scan was performed. The samples were allowed to cool at about 15°C/minute until the
temperature reached 175°C. During this period, both the temperature and transmission at
1225 cm'1were logged at six second intervals (as in the heat-up scan). This was done so
as to examine the effects of shear on the non-isothermal crystallization kinetics of
sPS.

The cooling rate for these scans varied, fiom run to run, by about 2.5°C/minute.

This was because the rate was essentially controlled manually. Manual control was
necessary due to software limitations. However, during the writing of this dissertation, an
alternate strategy for automatic temperature control was conceived, and is outlined in
Chapter 7, Recommendations.

3S0

Temperature (°C)

vW v

Time (minutes)

Figure 4.3.4: Temperature program for the IR measurement experiments.

Table 4.3.1: Crystallization temperature statistics, for one hour of operation at various
operating temperatures.
Run

Set
Temperature
°C

Ave Measured
Temperature
°C

Temperature
Range
°C

95% Confidence
Limit
°C

S40-1A

270

269.1

5.51

0.081

S40-2A

270

269.8

4.67

0.064

S40-3A

270

269.7

4.65

0.068

S41-3A

265

264.7

5.37

0.075

S41-4A

265

264.9

4.68

0.066

S42-1A

265

264.9

4.80

0.072

S42-2A

260

259.8

4.75

0.077

S42-3A

260

260.2

4.61

0.065

S42-4A

260

259.9

6.12

0.099

S43-3A

255

254.4

4.05

0.054

S43-4A

255

254.6

4.96

0.071

S43-5A

250

250.1

5.28

0.071

S44-1A

250

250.3

4.22

0.071
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At the end of the run, after room temperature was attained, a final scan was
performed ofthe sample. The sample was removed from the NaCl plates and mounted on
a standard paper backing. The sample, whose final thickness was measured using a
micrometer, was that analyzed on the Chemistry Department F1TR. Thirty scans at 2 cm'1
intervals were taken. The F11R analysis were then compared to the OL7SO scans to see
how the two analyses compared.

CHAPTER 5
RESULTS AND DISCUSSION
5.1 Calibration Experiments
The calibration experiments, described in detail in the previous chapter, were
performed to determine the relationship between crystallinity and IR absorbance in quiescent
sPS samples. In order to be useful in the shear experiments, this relationship would have
to extend to oriented samples. Results obtained also led to the observation of a two-step
crystallization process that exists in sPS.
Raw intensities of the absorbances at 1225 and 1183 cm*1were obtained and ratioed.
As with the work done by Filho and Vittoria [1990], the 1183 cm*1peak was used as a
reference peak to correct differences in sample thicknesses. The results of this work are
shown on Figure 5.1.1, and were published earlier by our group {Krzystowc2yk et al,
1994].

The data used to generate this plot is listed in Appendix C, Table C.l. The

quiescent samples obtained by this study are represented by the square symbols. A
regression of the data from Filho and Vittoria, who used sorption of dichloromethane to
determine crystallinity, is also displayed for comparative purposes, and is represented by the
dotted line. Ihis relationship was confirmed by Wang et aL [1992] by use of changes in the
heat capacity at the glass transition point.
The IR data used by our group were simple raw absorbance numbers, and so
amorphous samples exhibited non-zero peak values. Therefore the peak ratio does not go
to zero at zero crystallinity. However, since the 1225 cm'1 peak is well defined, the
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Figure 5.1.1: IR - crystallinity relationship for quiescent and sheared sPS samples.
Dashed line is a regression of data from Filho and Vittoria [1990]. Their
study used different methods to determine crystallinity.
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intensitywas found to vary linearly with the integrated area. This is the type of relationship
that will be utilized in the stress and IR measurement studies.
The FHho and Vittoria data was regressed, and not forced to zero either. Since most
of their data came at higher ciystallinities, the non-zero intercept may simply be due to
experimental uncertainties. However, it is possible that the molecular scale effects of the
formation of a mesomorphic phase may act to skew the results at lower ciystallinities. This
is because the sorption technique assumes the presence of only two phases, the crystalline
phase alone being impermeable to solvent treatments.
A regression of our data yielded an i2 of 0.98, and is represented by the solid line
on Figure S. 1.1. By comparison, a regression of the six points determined in the Filho and
Vittoria work was 0.99, and is represented by the dotted line. These regressed crystallinity
equations are expressed as:
- 0.084
Filho and Vittoria

X - ^ (1183)------------

1.70

42*11 .
Our Repression

X -

0.28

- (1183 )-----------

1.40

(5,1*2)

where A denotes the IR absorbance at the indicated wavenumber, and X is the relative
crystallinity, as measured by thermal analyses.
Sambaru and Jabarin [1993] used IR absorbance to determine the effect of
orientation on the crystallinity ofPET-HDPE blends. As in their work, we sought to extend
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the relationship between IR absorbance and crystallinity to orientated samples, since both
our work and FUho and Vittoria's were limited to quiescent samples. However, de Candia
et aL [1991] did use increases in the 1222 cm*1absorbance to conclude that mesomorphic
order, in the form of sequences of zig-zag chain sequences, can be induced by stretching
amorphous sPS samples.
hi order to prove that the IR bands used were not affected by orientation, sheared
samples were subjected to the previously described DSC analysis (the final sheared samples
were brittle, and fractured into samples too small to analyze using other methods).
CrystalUnities thus obtained were plotted against their IR determined ciystallinities and are
also included on Figure 5.1.1. The sheared data points are represented by the triangular
markers. By the close agreement to both our line, and the line extrapolated from Filho and
Vittoria's data, we assume the relation holds for oriented sPS samples as well as quiescent
samples.
Data could not be obtained at intermediate ciystallinities, as seen in Figure 5.1.1.
This is probably due to the very rapid crystallization rates of sPS. Filho and Vittoria pointed
out that a two-step mechanism is involved in the crystallization process, and the data we
collected most likely confirms this. The samples with a crystallinity of less than 0.10 can
be assumed to have been crystallized during the more rapid first step. It may be that the
transition is related to the formation of the mesophase, and that low levels of crystallinity
are actually short range order and therefore mesophase.
In order to more fully examine this two step process, the quiescent data from Figure
5.1.1, along with additional points, were organized according to the annealing time and
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temperature conditions under which they were created. The results from this organization
of data are plotted on Figure S. 1.2, and are listed in Appendix C, Table C.2. This figure
examines the final sample crystallinity (as determined from the IR regression) versus the
time annealed at four different temperatures.
An analysis ofthe 115°C line ofthis figure reveals that crystallinity changes are low
up to the first halfhour of annealing time. The crystallinity attained during this period is less
than 10%. This corresponds, roughly, to the amount of crystallinity underpredicted by the
low temperature DSC method of determining sPS crystallinity (see Figure 4.1.1). Yet by
increasing the temperature by only ten degrees, a rapid crystallinity increase can be obtained
over the same time range.
This would seem to indicate that a different crystallization mechanism exists between
these two temperatures, and coincides with the conditions known to lead to the formation
ofthe amorphous - mesomorphic phase transition previously discussed in section 2.3. The
low crystallinity levels displayed in Figure S. 1.1 are probably representative of mesophase
structures. Also, these findings seem to lend credence to the assumption that the main effect
of the rapid DSC method is to literally jump past the amorphous - mesomorphic phase
transition.

5.2 Stress Measurement Experiments
Stress measurement experiments were performed so as to determine the effect of
shear rate and temperature on various physical properties. These experiments included the
examination of the shear stress traces (obtained from calibrating the voltage required to

0.6

Anneal Time (min)
-m - 115*C

125*C -*,••• 140*C

-S" 160*C

Figure 5.1.2: sPS crystallinity with varying anneal times and temperatures.
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maintain a constant shearing velocity, (and therefore shear rate, to the shear stress), as well
as examination of the sheared sPS samples with the FTTR.
These experiments were conducted at three shearing temperatures; 250, 270, and
290°C. Of these temperatures, SIC was only found to occur, to a measurable extent, at
250°C.

The thermal energy of the polymer was apparently too high at the other

temperatures, at least for the 40 mm travel used in these studies.

5.2.1 Induction Time Measurement
In this study, shear stress traces were used to analyze the induction time of sPS at
250°C. A typical sPS trace is shown on Figure 5.2.1.1. The induction time, which is a
kinetic crystallization parameter, was calculated by the intersection of the slopes of the
steady response region with the SIC onset region.
Figure 5.2.1.1 is remarkably similar to that described by Tan and Gogos [1976], and
Porter and Southern [1970] in their work on the shear induced crystallization of polymers
(see Figure 2.1.1.1). Afier observing start-up effects, a steady shear stress is observed for
an amount oftime generally referred to as the induction time. Beyond this time, shear stress
increases exponentially with time, as noted by Wolkowicz [1978]. The induction time is
identified on Figure 5.2.1.1.
In order to examine the SIC kinetics at 250°C, induction times were obtained at
various shear rates. Again, consistent results were not obtained at 270°C, and SIC could
not be made to occur at 290°C. The results of this analysis are plotted on Figure 5.2.1.2.
This figure shows that, as expected, higher shear rates led to lower induction times. The
response is similar to that obtained by Lagasse and Maxwell [1976] in their work with
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Figure 5.2.1.1:

Typical shear stress response curve, taken at 250°C
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Figure 5.2.1.2:

The effect of shear rate on the induction time of sPS at 250°C.
The circular marker represents crystallinity onset time, and was
measured with the IR equipment.
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polyethylene and polypropylene. The amount of time that is required for crystallization to
occur under quiescent conditions (Le., shear rate equals zero) is represented on Figure
5.2.1.2 by the closed circle, and was detected using IR measurement experiments.
5.2.2 Viscosity Measurements
The rheometer was also used to obtain estimates of the apparent melt viscosity of
sPS. Although the sensitivity of the equipment is not high enough to give accurate
measurements, as could be obtained from a traditional rheometer, this was explored because
it was felt that the results would give an indication as to the reliability of the induction time
experiments.
The steady shear stress response region (see section 2.1.1) of several shear stress
traces was used to extract the viscosity data. This region is frequently assumed to be a
power law fluid. However, since shear rates were very low in these experiments, a simple
Newtonian response was assumed. Shear stress responses during this steady region were
examined fromnine runs at 270° and 250°C (data taken from the 290° C runs proved too
scattered to use), and viscosities were obtained for each.

In the temperature range

studied, the apparent viscosities of the sPS melt were found to vary from 1-1.8 kPa-s. The
apparent viscosities thus obtained were fit to the corresponding temperatures using a simple
Arrhenius expression. The resulting expression (in kPa-s, temperature in K) was:

T| = 7.01xl0'4exp[4095/T]

(5.2.2.1)

This expression, at two different temperatures, was plotted against the
experimentally obtained results, and is displayed in Figure 5.2.2.1. The validity of the model
is indicated by the closeness of the data points to the y=x line. These results were also
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compared to those obtained from the ACER Capillary Rheometer, in the Chemical
Engineering Polymer Analysis Laboratory. Since this rheometer generally operates at higher
shear rates, data had to be extrapolated to the lower rates in order to compare values.
Depending on the extrapolation method used, viscosity values ranged from 0.5 to 5 kPa-s.
This is in fair agreement to those obtained by the experimental rheometer. These results
serve to demonstrate the sensitivity ofthe rheometer, and help to confirm that the induction
time results are believable.

5.2.3 Final Sample Crystallinity
Final sample crystallinities were obtained at various shear rates at 250, 270, and
290°C. The shear rates were calculated using the actual sample thickness, as measured by
micrometer. These values varied up to 10% from the gap distance set between the stainless
steel plates. Because of this method, shear rates could not be precisely repeated. In order
to calculate confidence intervals for the data, the shear rates were grouped into several
categories, each spanning 0.5 s*1intervals. In some cases, only one observation was made
in a particular category. The resulting data are displayed in Appendix C, Tables C.3, C.4,
and C.4, along with the 95% confidence levels obtained.

They are also displayed

graphically in Figures 5.2.3.1, 5.2.3.2, and 5.2.3.3.
Each ofthese figures show that the immediate effect of shear stress is to increase the
final sample crystallinity. This is especially true at 270°C, which is near the peak melting
point of sPS. At this temperature, a maximum increase of about 10% over quiescent levels
was observed. Significantly, this is the only temperature at which a definite peak in the
crystallinity curve was observed.

fractional ciystallinity

86

0

2

4

6

8

10

12

shear rate (1/s)

Figure 5.2.3.1:

Final ciystallinity o f sPS samples sheared at 250°C. The 95%
confidence limits are indicated for repeated points.
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Figure 5.2.3.3:

Final ciystallinity o f sPS samples sheared at 290°C. The 95%
confidence limits are indicated for repeated observations.
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At all temperatures, after initial increases, the ciystallinity stabilizes at about 0.52
(approximately 5% above the quiescent levels). Further increases in the shear rate were
seen to lead to reductions in the ciystallinity at the lower two temperatures. At shear rates
around 10 s'1, a decrease of about 4% below the quiescent levels is observed for both the
250° and 270°C runs. A decrease of about 9% from the maximum ciystallinity was
observed at 250°C, and 17% at 270°C.
The differences between the responses are probably due to a combination of factors.
These include shear rate, temperature, and relaxation times. In addition, competing
crystallization mechanisms probably also came into play.
The orientation ofpolymer chains in the meh leads to the large ciystallinity increases
observed at low shear rates for all temperatures. Apparently, the imposition of some
amount of order provides a large entropy driving force towards the formation of crystalline
regions. This shear rate region spans the approximate range of 0 - 4 s'1. These increases
are lower at the higher temperatures, which may be explained by the relaxation of inposed
order, as described by Eder et al [1990].
The differences in the maximum aystalHnities observed in the 250° and 270° C runs
may be explained by assuming there are two competing crystallization mechanisms, the
quiescent (spherulitic) and stress induced (row nucleated). If stress induced crystallization
occurs, the amount ofmaterial that may crystallize quiescently is reduced. Peihaps SIC may
restrict melt ordering so as to decrease the total sample ciystallinity.
An alternate explanation would be that the differential flow involved by a shearing
field tends to both align molecules in the flow direction, and also tumble them. The flow
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direction orientation is related to the strain rate, whereas the tumbling is related to the
vorticity. In this simple shearing flow geometry, both the strain rate and vorticity are
determined by the velocity gradient. However, it may be that orientation development and
rigid body disorientation, coupled with orientation relaxation, have different functional
dependencies on the velocity gradient. Therefore a critical velocity gradient (strain rate)
may occur above which the rigid body or disorientation effects become dominant over the
orientation effect and below which the converse is true.
Longer annealing time at elevated temperatures was allowed for the 270°C samples.
Crystallization was allowed to occur in the range ffom 270° to 24S°C (the peak
crystallization temperature). At higher shear rates, perhaps some SIC occurred. At least
some amount ofmolecular ordering occurred in the 270° - 245 °C temperature range. At
high enough shear rates, molecular ordering disappeared.
For the 250°C runs, SIC did occur with an increasing amount with respect to shear
rates. The more SIC that occurred may have served to lock in melt order and act to limit
the quiescent crystallization process that could occur.
At moderate shear rates ( 4 -8 s'1), ciystallinities stabilized at about 0.52. The final
values were, however, slightly higher at the lower temperatures than at 290° C. Again, this
is probably due to stress relaxation, which tends to erase some of the imposed melt phase
order.
High shear rates (8 - 12 s'1) led to decreases in ciystallinity at the lower two
temperatures, hi fact, these samples displayed slightly lower crystallinities than those
crystallized at quiescent conditions. The decreases are probably due to the high, vorticities
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seoi at the higher shear rates. This may have led to the destruction, to some extent, of the
orientation built up at the low to moderate shear rates.

5.2.4 Crystallographic Effects
The FflR spectra from 925 - 875 cm'1 of three samples is displayed in Figure
5.2.4.1. This region has been associated with the relative amounts of a and p crystalline
forms present in sPS [Guerra et al., 1990],[Auriemma, et aL, 1993].

The a-form is

known to show a peak at 902 cm'1, while the p-form displays a peak at 911 cm*1. As stated
in section 2.3.5, the thermodynamically favored a structure is generally associated with
samples annealed at relatively low temperatures (~200°C). The p crystals can be produced
by heating to high temperatures (~330°C) followed by slow cooling.

Quiescently

crystallized samples at intermediate conditions are generally observed to contain a mixture
of both. Niu [1994] found that the most important parameter in determining the a-p
mixture is the maximum temperature achieved in the melt prior to crystallization. For
example, at a maximum temperature of 280°C, he found that 40% of the subsequent
crystalline content in his sPS samples were p-form. At 270°C, the p content fell to zero.
Guerra et aL [1990] wrote that "when a memory of a form crystals remain hr the
melt, the acquisition of the a form is favored, otherwise the p form is favored." They
showed, like Niu, that one method of eliminating the memory of a is to heat the melt to
temperatures in excess ofdie normal melt point Conversely, then, if the temperature is kept
low, p crystal formation can be retarded.
Curve A ofFigure 5.2.4.1 represents an sPS sample that has been sheared at a lower
shear rate, curve B at an intermediate rate, while curve C represents one sheared
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at a higher rate. Hie curves have been separated by a constant. Curve A is quite sharp, and
most likely contains the lowest p content of the three curves shown. This curve is nearly
identical to that observed for quiescently crystallized samples, and is therefore not shown
on Figure 5 .2 .4 .1 . Curve B shows a decrease in intensity at the p peak, and may relate
to lower presence of that crystalline form. Finally, curve C is quite broad, stretching
from the p peak to the a peak, and is probably indicative of a mixture of a-p crystals.
These crystallographic effects are in agreement with the discussion contained in
section 2 .6 .1 (see Figure 2 .1 .6 .1 ), including the study by Moitzi and Skalicky [1993].
The applied shear acts to lower the thermal energy required to form the denser packed
orthorhombic p - sPS crystals. To date, no other studies have focused on the effects of
shear on the a -p mixture in sPS. Since the p crystals are more resistant to solvent
treatments, this finding may have industrial applications.
5.3 IR Measurement Experiments
The infrared system, described in previous sections, was incoiporated into the
rheometer design so that IR absorbance could be used to determine real time ciystallinity
changes. Experiments conducted using this additional equipment were similar to the stress
measurement experiments, except that equipment limitations required modifications.
The IR signal, unlike a laser, was not a well focused beam Instead, the spread at
the required 8 cm distance separation between the source and the spectroradiomenter input
optics, was about one inch in diameter. This meant that the entire 40 mm displacement
distance used in the previous experiments had to be shortened to 20 mm Longer distances
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cut into the beam spread, and caused very large decreases in intensity. At full strength, the
intensity of the frill signal was just adequate for the experimental needs.
Also, changes in crystallinity during the shear application itself (10-90 seconds)
could not be accurately detected. This was due to noise of the source (which, because of
low signal intensity, was operated at high gain and therefore high noise), and because of
differences in IR absorbance in the NaCl slides used, from one end to the other.
A final difference between the two experiments was that the crystallization
temperature was held fir periods of 1 - 3 hours, while the samples crystallized. This period
was required for the samples to achieve full crystallization (longer times were needed for
higher crystallization temperatures).
These limitations were not, however, too restrictive. In fret, at all but the lowest
temperatures examined in these experiments (250 and 255°C), crystallization did not occur
during the shear application, due to the inherently low rates measured, and because of the
limited displacement However, conditions imposed in the melt during shear, which would
eventually lead to crystallization, were subject to relaxation as soon as the shearing was
complete. Therefore, any modeling of the process would have to include the effects of
relaxation of the conditions favoring crystallization.
It was found that the equipment, which was designed specifically to study shear
induced crystallization, was also an effective tool in the analysis of quiescent crystallization
processes. These involved both isothermal and non-isothermal processes.
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5.3.1 Non-isothermal Heating Scans
Amoiphous sPS samples were heated, at a rate of about 10°C/minute, until 290°C
was achieved. During the heating of these samples, the IR equipment was used to
quiescently monitor the transmission at the 1225 cm'1ciystallinity peak. These values were
stored, at six second intervals, into a computer data file. Simultaneously, the temperatures
of both of the rheometer plates were also stored at six second intervals. This data was
subsequently used to monitor the phase transitions of the sPS samples.
Below the glass transition temperature (Tg), which for sPS is about 100°C, polymers
are incapable of appreciable chain motion. Once above Tft, the chains are able to begin to
form macromolecular structures that serve to lower the system entropy. At some point, the
thermal energy in the system is sufficient to allow crystallization (for those samples that
began with less than the equilibrium ciystallinity). As the sample ciystallize, heat is given
of£ indicating a phase change.
If the temperature is allowed to continue to increase, at some point the system
thermal energy will be too high to allow the existence of crystalline structures. At this point
melting begins to occur. This phase changes is accompanied by the absorption of heat.
As discussed earlier, a DSC is often used to determine crystallinty changes in
polymers. This is accomplished by monitoring the heat requirements necessaiy to maintain
a constant temperature change. When polymer samples analyzed by the DSC ciystallize,
the heating requirements temporarily decrease, since a positive heat is given off during the
phase change. Conversely, increased heating is required during the melting of polymer
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crystals. The DSC trace shown in Figure 4.1.1 is a derivative, taken with respect to
temperature, of the total heat requirements needed to maintain the constant rate.
hi the same manner, if the IR scans taken during the heatup of the sPS samples are
differentiated with respect to time (or temperature, since they are linearly dependent when
heating at a constant rate), phase changes can also be observed. Figure 5.3.1.1 is a plot of
the differentiated IR transmission at 1225 cm'1, plotted along with the DSC scan first shown
in Figure 4.1.1. Both scans were taken at 10°C/minute, and began with amorphous
samples.
The close correspondence ofthe two curves in Figure 5.3.1.1 serves to confirm the
temperature sensitivity ofthe rheometer. Peak melting and crystallization temperatures, as
measured by both methods, agree welL In addition, the phase transition ranges also agree
very welL The main difference between the two curves is the absolute value of derivatives
during the phase transition ranges. The DSC trace is positive during the crystallization
range, and negative during the melting range, for reasons discussed above. The transmission
curve exhibits the opposite values, because during crystallization, transmission through the
sample is reduced (due to the increased absorbance of the crystals present). The derivative
becomes positive when the crystals melt.
A further difference between the two traces is the behavior around the 100 - 120°C
range. Although this region is flat (ie., no change in the first derivative) in the DSC trace,
there is a small negative peak in the transmission trace. Unlike noise that occurs in the rest
of this trace, this peak is consistently present in amorphous sPS samples.
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Figure 5.3.1.2 further explores this extra peak in the derivative transmission curves.
This figure displays the results of three IR derivative scans, all at about 10°C/minute. For
this graphical representation, the three curves were separated by constants.
The first melt 1225 cm*1 curve was taken under the same conditions as in Figure
5.3.1.1 (amorphous sPS sample, scanned at 10°C/minute). The second melt curve,
however, represents a scan of a sample that has previously been allowed to reach it
maximum ciystallinity content (around 50%). When this sample is heated, a crystallization
peak is not evident, since maximum ciystallinity has already been attained. Finally, the last
curve, the 1182 cm*1 reference, shows no change with temperature. As previously
discussed, this band is conformationally insensitive, and therefore crystallinity changes do
not effect this band. The 95% confidence limits of the average peak values are reported in
Figure 5.3.1.2.
Examination of the region around 110 - 120°C (T0 is 100°C) again reveals a
negative peak on the first melt curve. This peak is absent on the other two curves. A
closeup of this region is displayed on Figure 5.3.1.3. Here the curves have not been
separated by constants. This figure clearly shows the presence ofthe additional peak, whose
reproducibility is proven by the 95% confidence limit value of 1.6°C. The average values
and confidence limits of each of the phase transition peaks are displayed in Appendix C,
Table C.6.
The peak appears to show the phase transition occurring between the amorphous
and mesomorphic phases. The temperature range is very close to those reported in the
literature to lead to the mesophase (see section 2.3.5), and is also similar to those observed
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in the calibration experiments shown on Figure 5.1.2. The peak is absent in the second melt
curve of Figure 5.3.1.3 because full ciystallinity has already been achieved. This absence,
as well as the absence ofthe peak in the reference curve, also eliminates the possibility that
this peak is noise.
The mesophase peak may be absent from the DSC curve because of the entropy
changes that the amorphous-mesomorphic phase transition displays are low. This low
entropy change leads to low heat effects. Another possibility is that the DSC measures
macromolecular changes, while the IR absorption ofthe polymer is a molecular phenomena,
and is therefore inherently more sensitive.

53.2 Isothermal Crystallization
Crystallization studies, employing IR absorbance to determine crystallization
changes, were performed at five temperatures: 250, 255, 260, 265, and 270°C. It was
discovered, however, that crystallization did not occur, at least to an appreciable extent, for
those experiments held above 260°C. Shear rates ranged from 0-10 s'1. The procedures
involved in these experiments are detailed in section 4.3.
During each run, several isothermal scans were taken over the range of 1242 - 1168
cm'1. These scans showed the effects of temperature and shear on the transmission and
absorbance over this range. Scans from one typical run are displayed on Figure 5.3.2.1. See
section 4.3 for details on each of the types of scans taken.
A typical time - transmission curve is displayed in Figure 5.3.2.2. The transmission
units are shown in detector amps. The total signal change, from melt to fully crystalline, is
about 250 units, which is typical of the range observed for most samples. The signal was
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transformed into a normalized absorbance plot by subtracting baseline values from
measurements, and dividing by the range.
IR crystallization measurements were modeled using the Avrami equation, as given
in Equation 2.2.2.1. This equation can be linearized by taking the double log of both sides.
The resulting expression is:
Logir ln (l - X)) = Logk * n Log (t - Q

(5 3 .2 .1 )

where t0is the incubation time, or the time required for the first crystals to appear. When
the term on the left is plotted against the log of the elapsed time minus the incubation time,
a line is obtained, whose slope is n , the Avrami exponent, and whose y-intersection is log
k (the Avrami rate constant). A typical regression of this type is shown on Figure S.3.2.3.
Figure 5.3.2.4 shows the Avrami fit obtained by this method for the same data. A list of
the individual quiescent and sheared Avrami regression results is displayed in Appendix C,
Table C.7.
The straight line in Figure S.3.2.3 is a fit of the data from the range of crystallinity
between 0.01 to 0.4. For crystallinities beyond 0.4, the dope decreases dramatically. This
is evident in Figure S.3.2.4, where the Avrami equation is shown to model the data up to
0.4 ciystallinity very well If the regression is limited to low levels, then Avrami exponents
ranging between 2 -3 were obtained for the quiescent runs. This agrees fairly well with the
assumption of three dimensional growth. However, if the entire range is fit, the exponent's
value drops to between 1- 2. These findings agree with the limitations of the Avrami
equation found by others, and discussed in section 2.2.1 [Tobin, 1974], [Fatou, 1986],
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Hie Avrami exponents thus found are plotted against shear exposure time in Figure
5.3.2.5. This plot shows that with longer shear exposure, the value of the exponents M to
a limiting value of about 1. This is as expected, since the dimension of growth is reduced
with increasing shear exposure. Interestingly, if the Avrami exponents are plotted against
shear rate, a minimum occurs at low rates. This relation is displayed in Figure 5.3.2.6, and
is reminiscent of the maximum in ciystallinity shown in Figure 5.2.3.2. This type of
decrease followed by an increase in the value of the Avrami exponent at higher shear rates
was also observed by Sherwood et aL [1978]. In discussing this work, Eder et aL [1990]
wrote that, while the process is not understood, it may be that after a period of seemingly
unsuccessful crystallization, the process can occur sometimes rather drastically, as if
"turning on a light".
The incubation times, used in equation 5.3.2.1, were obtained at various
temperatures and shear rates. They are plotted in Figure 5.3.2.7. The oval markers in this
plot represent average quiescent values obtained from our work. The square markers are
from quiescently measurements by Cimmino et aL [1991], and excellent agreement between
the two are seen at 250°C. The triangular markers indicate values obtained at shear rates
of about 3 s'1. This figure, like Figure 5.2.1.2, shows the dramatic reduction in the time
required for crystallization to occur with the advent of even low shear rates.
Although the Avrami equation provided adequate fits for the lower ciystallinity
levels of the quiescent runs, this equation does not incorporate any shear effects. Of the
models of SIC discussed in section 2.2.2, only the Eder model incorporates the effects of
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stress relaxation that occurs after shearing has completed. This must be considered with
the data taken in this study due to the limitations previously described.
Figure S.3.2.8 shows the fit of the experimental data to the Eder model at low
shear rates. Excellent agreement is obtained, even at high crystallinity levels. Figure
S.3.2.9 shows how the model predicts shear to effect crystallization rates at a constant
temperature. Again, excellent agreement is observed. Parameters obtained from fitting
the experimental data to the Eder model is provided in the appendix.
The Eder model is a three parameter model, and each of the parameters have a
physical significance. It was found that the majority of the temperature sensitivity
resided in the stress relaxation term, t , as might be expected. This term is plotted
against temperature in Figure 5.3.2.10, and a regular, dramatic increase with temperature
is observed. This figure also shows that the effect of increasing shear rates on the
relaxation time is to shift the relation to the right. This is physically logical, since it
means that the effect of shear is to increase the temperature required to obtain the same
degree of relaxation.

5.3.3 Non-isothermal Crystallization from the Melt
At the two highest temperatures considered (265 and 270°C), crystallization to
an appreciable extent did not occur. Isothermal wavenumber scans (as in Figure 5.3.2.1)
confirmed lack of crystallinity. However, analyses of the time - transmission curves
showed that for some samples, low level changes did occur. The total change of the
signal for these runs was about 100 - 150 x 10"15amps, which is much smaller than the
typical 250 - 300 x 10'15amp change typically observed for a full crystalline sample.
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This type of behavior was observed several times at both 265 and 270°C. In
order to better explain the phenomena, a method for determining the non-isothermal
crystallinity changes was developed. This included monitoring transmission at the 1225
cm*1band as the sheared sample was allowed to cool at a rate of about 15°C/minute.
Derivative transmission readings were then plotted against temperature, as in section 5.3.
At 270°C, three such runs produced unexpected results. They are displayed on
Figure 5.3.3.1. The bottom curve of this figure is a quiescent sample that was held at
270°C, and then allowed to cool The peak is indicative of the peak crystallization of the
sample. It appears, that with the application of shear, the peak temperature is reduced.
Also, the peak value is reduced. However, there was no appreciable difference in
crystallinity of the three samples upon reaching room temperature.
These responses are difficult to explain. Perhaps orientation at high temperature
shifts the IR sprectra out of the range of detection. Examination of Figure 5.3.2.1 does
show that the oriented sample, obtained at 250°C, is shifted somewhat to the right. A
second explanation may be that the sheared samples crystallize more slowly, over a
longer temperature range. This slow crystallization process is not well detected by the
equipment used in this study. Obviously, the effect of shear on the non-isothermal
crystallization kinetics of sPS deserves more consideration.
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CHAFFER 6
SUMMARY AND CONCLUSIONS
During this work, several conclusions were reached regarding not only the effect of
shear on the crystallization kinetics of sPS, but also its effect on other physical properties.
The experimental rheometer, which was designed specifically for this study, also proved
useful in the study of non-isothermal phase transitions.
The parallel plate rheometer used changes in shear stress and IR absorbance at 1225
cm*1 to determine crystallinity changes of sPS melt samples.

It consisted of two

independently heated plates, driven by a computer controlled servo motor. A constant
velocity, and therefore constant shear rate, was provided by gearing a generator to the servo
motor so as to produce the voltage output necessary for P1D control. This control, as well
as a muhistep temperature program, was achieved through the use of the software program
Labtech Notebook.
A relationship was developed between the crystallinity in sPS samples and their
corresponding IR absorbance at 1225 and 1183 cm*1. This relation proved useful in the real
time measurement of crystallinity changes. It was shown that this relationship applies to
fully crystallized samples that have been oriented.
Stress measurement experiments were performed utilizing changes in the shear stress
during the application of a constant shear rate to polymer melts. These experiments were
used to determine a viscosity - temperature expression for sPS. Although this expression
employed a ample Newtonian response, a good fit with die experimental data was obtained.
The stress measurement experiments were also used to determine the effect of shear stress
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on the induction time of sPS at 250°C. It was seen that the imposition of even small shear
rates greatly reduced the value of the induction time. Induction times at higher temperatures
were not obtained, probably due to the limited travel of the rheometer stage.
At temperatures near the peak melting point, low to moderate shear rates ( 1-4 s'1)
were found to increased the final sample crystallinity by about 10% over quiescent
crystallized samples. A peak in the crystallinity - shear rate data was found at 270°C, and
was assumed to be related to changing crystallization mechanisms. At high shear rates,
crystallinity was reduced. At 250°, high shear rates led to crystallinity levels below those
observed in quiescently crystallized samples. This may have been caused by the destruction
of order in the melts sheared at high rates.
Shear stress was found to influence the a-p mixture in sPS. At temperatures
normally leading to predominately a forms, sheared samples were observed to contain
significant amounts of p crystals. This was assumed to be caused by reductions in the
energy barrier associated with the a-p transition caused by decreasing the system entropy.
The Avrami model was used to fit the quiescent and sheared crystallization data.
Adequate fits were made, especially at low extents of crystallization (0.01 - 0.4). Avrami
exponents were found to be effected by shear. Longer exposure times acted to reduce the
value of the exponent from about 2.5 (quiescent) to about 1.
The Eder model was found to fit the isothermal, shear induced crystallization data
very well. The key feature of this model, in regards to this study, was the inclusion of a
relaxation parameter. This relaxation parameter was found to vary, in a predictable manner,
with both temperature and shear rate.
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Hie rheometer was used to detect the non-isothermal crystallization kinetics of sPS.
It was used to study the amorphous - mesomorphic phase transition. Also, the effect of
shear on the crystallization ofmaterial sheared at high temperatures was observed. Sheared
material exhibited lower peak crystallization temperatures.
understood.

This effect is not fully

CHAPTER 7
RECOMMENDATIONS

Because the equipment used in this study was specifically designed and assembled
for this work, there is much room for improvement. This would probably include the
purchase of specialized components, or thoughtful redesign of existing elements. A second
area of consideration arises from the unexpected results obtained in this study. Chief
amongst these are the amorphous - mesomorphic phase transition that occurs in sPS, as well
as the non-isothermal crystallization kinetics of sheared polymer samples.
One ofthe major difficulties in this work was setting and maintaining a constant gap
distance between the two slides. Several methods of fixing the slides stationary within the
heated plates were attempted, with limited success.

Once heated to the elevated

temperatures used in this study, slides often moved. Control ofthe gap distance is necessary
to control the shear rate. After completion of most experiments, the final polymer film was
measured using a micrometer. This value, which sometimes varied as much as 20% from
the preset gap width, was subsequently used to determine the experimental shear rate.
Repeat values were therefore difficult to obtain, requiring the sorting of shear rates into 0.5
s*1 bins in order to perform confidence value analyses. Methods for maintaining the gap
distance would improve the overall experimental analyses.
A major limitation to this work was the limited displacement length of the rheometer
stage; 40 mm in the stress measurement studies, 20 mm in the IR measurement studies.
These low displacements served to limit the study ofthe effects of shear, especially at higher
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temperatures. To overcome this limitation it would be necessary to redesign the rheometer
stage so as to allow longer travel. It would also require obtaining NaCl slides (or other
suitable material) of lengths longer than 50 mm. Checks with several suppliers seem to
indicate that longer length slides are not standard items, however it may be possible to
obtain special sizes (at higher costs). Or, perhaps, different IR transmitting material may be
used. Upgrading the IR source may also be necessary if greatly increased displacement
distances are required. An IR source that would be able to provide a more stable, focussed
beam would add to the displacement length, and would help reduce signal noise.
Although the temperature control ofthe rheometer was good, improvements would
be desirable. This is because of the extreme sensitivity of crystallization parameters to
temperature. Improvements could possibly be made by redesigning the aluminum plates
(used to hold the stainless steel and NaCl slides) so as to allow the use of four cartridge
heaters, two per plate. This option was briefly explored early in the study, and in feet each
plate was fitted with two holes for insertion of cartridge heaters.
However, twice during this study, the UPC 608 direct sensor input card was severely
damaged. This was a major source of expense and lost time. The most likely cause was
conduction of stray voltage through the thermocouple wiring. In order to limit the
possibility of this damage recurring, hollow ceramic inserts were placed in the extra
cartridge heater openings (one per plate). The thermocouples were then located inside the
ceramic inserts. This shielded them from stray voltage, but also acted to increase the lag
time in the heat control loop. With the extra opening thus occupied, only one heater could
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be used for each plate. An improved design would allow for two heaters, without
eliminating the precaution of shielded thermocouples.
Motion detection, crucial to the development of a constant velocity and shear rate,
was provided by the use of a 6 VDC generator directly geared to the linear motion stage.
Although the generator proved adequate for this study, a major improvement to the
rheometer could be made by the use of more sensitive, and less intrusive, equipment. The
generator used was a simple bicycle generator. A more sensitive generator would produce
a much lower signal to noise ratio, and would allow analysis at extremefy low shear rates
(ie., less than 1 s'1). The optimal solution would be the use of a non-contacting signal
generator, since part of the force required for motion is taken by the resistance of the
current generator. A non-contacting generator, utilizing magnetic fields, or preferably,
optical tracking, would allow smoother operation and would further reduce signal noise.
This addition would possibly also allow the development of oscillatory shearing
experiments, since motion control of the system would be so dramatically inproved.
The use of polarized light would enhance the scope of useful measurements that
could be made by the rheometer. The current system is limited to the range 6.4 -12 pm
Only a limited number ofphenomena are observable in this wavelength range. Although the
equipment could be upgraded to include a wider range, this option could prove costly. The
use of polarized light to detect crystallinity changes, or perhaps the effects of shear on
reacting polymer systems, would be a simpler, low cost alternative. Incorporation of
polarizers would necessitate fairly minor redesigns of the rheometer.
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One of the more interesting finding of this work included the observation nonisothermal crystallization kinetics of sPS. Both quiescent and shear crystallization effects
could be studied in more detail with little to no additional equipment. To date, studies
centered on the modeling of the amorphous - mesomorphic phase transition do not exist.
This work would include finding the effect of heating rate on the transition. It might also
incorporate solid state changes, since the amorphous phase has been shown to arise in sPS
samples stretched at low temperatures (see section 2.3.5).
Modifications would have to be made to the Labtech Notebook control program to
facilitate more complete study of the effects of shear on non-isothermal crystallization
kinetics. For these experiments, described in section 4.3, the cooling rate was controlled
manually. Of course, some variation occurred in the cooling rates from run to run. Manual
control was necessary because operator initiated triggering (ie. the keypress option
described in the appendix) is only available once in Labtech, and is already used to trigger
the servo motor.
A group of blocks, similar to the group used to control the heating rate in stage one
of the temperature program, could, however, be triggered manually by means of a simple
switch. Such a switch could be wired to the auxiliary input board, in series with some
voltage source. The control blocks could be signalled to turn on when the switch is
manually depressed, and the voltage in the loop exceeds some preset value. For example,
if a 9 VDC battery is used, the blocks could be signalled to begin when the voltage of the
input channel, hardwired to the battery - switch loop, exceeded 8 volts. This would occur
after the user signals that he is ready to begin the non-isothermal analysis.

REFERENCES
Andrews, E.H., Proc. Roy. Soc. (London), A277, 562, (1964).
Armistead, K , and Goldbeck-Wood, G., Advances in Polvmer Science. Polymer
Crystallization Theories, Vol 100, Sprmger-Veriag, Berlin 236-241 (1992).
Auriemma, F., Petraccone, V., DalPoggetto, F., De Rosa, C., Maniredi, C., and Corradini,
P., Macromolecules, 26(15), 3772 (1993).
Avrami, M., J. Chem Physics, 7, 1103 (1939).
Capitani, D., De Rosa, C., Ferrando, A., Grassi, A., and Serge, A.L., Macromolecules,
25(15), 3874 (1992).
Chenier, P.J., Survey of Industrial Chemistry. Second Edition, VCH Publishers, Inc., New
York, 333 (1992).
Cimmino, S., DiPace, E., Martuscelli, E., and Silvestre, C., Polymer, 32:6, 1080 (1991).
Clark, E.S., and Garber, C.A., Intern. J. Polym. Mater., 1,31 (1971).
Conti, G., Santoro, E., Resconi, L., and Aerbi, G., Mikrochim. Acta, 1,297 (1988)
Corradini, P., and Guerra, G., Advances in Polvmer Science. Polymorphism in Polymers.
VoL 100, Springer-Verlag, Berlin, 197-199 (1992).
de Candia, F., Filho, A.K, and Vittoria, V., MakromoL Chem, Rapid Commun., 12, 295
(1991).
de Candia, F., Filho, A R , and Vittoria, V., Colloid and Polymer Science, 269,650 (1991).
de Candia, F., Carotenuto, M., Guadagno, L., and Vittoria, V., Macromolecules, 25(23),
6361 (1992).
De Rosa, C., Guerra, G., Petraccone, V., and Corradini, P., Polym. J., 23, 1435 (1991).
Dees, J.R, and Spruiell, J.E., Journal of Applied Polymer Science, 18,1053 (1974).
Eder, G., and Janesdiitz-Kriegl, H., Progress in Colloid & Polymer Science, 80,1, (1989).
Eder, G., Janeschilz-Kriegl, H., and Iiedauer, S., Progress in Colloid & Polymer Science,
15,629 (1990).
124

125

Fatou, J.G., Crystallisation Kinetics. Encyclopedia of Polymer Science and Engineering,
Supplement Volume, John Wiley and Sons Inc., New York, 236-240, (1986).
Filho, A.R., and Vittoria, V., MakromoL Chem. Rapid Commun., 11, 199 (1990).
Fritzsche, A.K, and Price, F.P., Polymer Engineering and Science, 14,401 (1974).
Garber, C.A., and Clark, E.S., Journal of Macromolecular Science (Physics), B4, 499
(1970).
Gent, A.N., Journal of Polymer Science, 4,447 (1966).
Guerra, G., Musto, P., Karasz, F.E., and MacKnight, W.J., MakromoL Chem, 191, 211
(1990).
Guerra, G., Vitagliano, V.M., De Rosa, C., Petraccone, B., and Corradini, P.,
Macromolecules, 23, 1539 (1990).
Haas, T.W., and Maxwell, B., Polymer Engineering and Science, 9,225 (1969).
Hsiung, C.M., Cakmak, M , and White, J.L., Polymer Engineering and Science, 30, 967
(1990).
Imabayashi, H., Ishidaws, K., and Ishida, Y., Idemitsu Petrochemical Co., Ltd., European
Patent Application, April 1993.
Ishihara, N., and Kuramoto, M , Catalyst Design For Tailor-Made Polyolefins. K Soga and
M. Terano, Editors, Elsevier B.V., Amsterdam, 339-351, (1994)
Ishihara, N., Seimiya, T., Kuramoto, M , and Uoi, M , Macromolecules, 19,2464 (1986).
Ishihara, N., Seimiya, T., Kuramoto, N., and Uoi, M , Macromolecules, 19,2464 (1986).
IuHano, M., Guerra, G., Petraccone, V., Corradini, P., and Pellecchia, C., New Polym Mat.,
3,133 (1992).
JaneschitzrKriegl, H., Progress in Colloid & Polymer Science, 87,117 (1992).
Janimak, J.J., and Cheng, S.Z.D., Journal of Polymer Engineering, 10:1-3,21 (1991).
Jasse, B., and Koenig, J.L., Journal of Polymer Science, Polymer Physics Ed., 17, 799
(1979).

126

Katayama, K , Muzakatni, S., and Kobayashi, K , BuIL Inst. Chem. Res., Kyoto University,
54, 83 (1976).
Keller, A., and Machin, M.J., Journal of Macromolecular Science (Physics) B l, 41 (1967).
Kobayashi, K , and Nagasawa, T., Journal of Macromolecular Science (Phys.) B4, 331
(1970).
Kobayashi, K , and Nagasawa, T., Journal of Macromolecular Science (Phys.) B4, 331
(1970).
Kobayashi, N.M., Nakaoki, T., and Ishihara, N., Macromolecules, 22,4377 (1989).
Kobayashi, M., Nakaoki, T., and Uoi, M., M Polym. Prepr., Jpn. 37, E432 (1988).
Krzystowczyk, D.H., Niu, X., Wesson, RD., and Collier, J.R, Polymer Bulletin, 33,109
(1994).
Kucht, A., Kucht, H , Barry, S., Chien, J.C.W., and Rausch, MD., Organometallies, 12(8),
3075(1993)
Lagasse, R.R., and Maxwell, B., Polymer Engineering and Science, 16,189 (1976).
Mandelkem, L., Crystallization of Polymers. McGraw-Hill Book Company, New York,
140-240, (1964).
Maxwell, B., Journal of Polymer Science, C 9,43 (1965).
McHugh, A.J., Polymer Engineering and Science, 22, 1 (1982).
Moitzi, J., Skalicky, P., Polymer, 34,3168 (1993).
Nakamura, K , Journal of Applied Polymer Science, 16, 1077 (1972).
Natta, G., Pasquon, I., and Zambelli, A., Journal ofthe American Chemical Society, 84,
1488 (1962).
Newman, T.H., Campbell, RE, and Malanga, M.T, Catalyst Consultants Inc., MetCon *93,
Houston, 316 (1993).
Niu, X., M.S. Thesis, Louisiana State University, Baton Rouge, LA (1994).
Odian,G., Principles of Polymerization, 2ed, John Wiley and Sons, New York, 589 (1981).

127

Payn, C.F., Catalyst Consultants, Inc., MetCon '93, Houston, 52 (1993).
Pellecchia, C., Longo, P., Proto, A , and ZambeUi, A , MakromoL Chem., Rapid Commun.,
13,265 (1992).
Perry, R.H, and Green, D.W., Perry's Chemical Engineers' Handbook. Sixth Edition,
McGraw-Hill, New York, 22-26 (1984).
Peterlin, A , Encyclopedia of Polymer Science, 10,39 (1984).
Petraccone, V., Auriemma, F., DalPoggetto, F., De Rosa, C., Guerra, G., and Corradini,
P., MakromoL Chem, 194,1335 (1993).
Porter, R.S., and Johnson, J.H , Transactions ofthe Society ofRheology, 11,259 (1967).
Porter, R.S., and Southern, J.H , Journal of Applied Polymer Science, 14,2305 (1970).
Rastogi, S., and Gupta, V.D., Journal of Macromolecular Science-Physics, B33:2, 129,
(1994).
Reynolds, N.M., and Hsu, S.L., Macromolecules, 23:14,3465 (1990).
Reynolds, N.M., Stidham, HD., and Hsu, S.L., Macromolecules, 24,3663 (1991).
Reynolds, N.M, and Hsu, S.L., Macromolecules, 23:14,3463 (1990).
Reynolds, N.M., Savage, J.D., and Hsu, S.L., Macromolecules, 22,2869 (1989).
Ross, G. S., and Frolen, L.J., Methods of Experimental Phvsicsr Part B; Polymer Crystal
Structure and Morphology. R.A Fava Academic Press, New York, 348 (1980).
Rudin, A , The Elements of Polymer Science and Engineering. Academic Press, Inc., San
Diego, 388-394 (1982).
Sambaru, P., and Jabarin, S.A, Poymer Engineering and Science, 33, 827 (1993).
Sherwood, C.H, Price, F.P., and Stein, R.S., Journal of Potymer Science, Polym. Symp.
63,77 (1978).
Sherwood, C.H, Price, F.P., and Stein, R.S., Journal of Potymer Science, Potymer
Symposium, 63,77 (1978).
Sinn, H , and Kaminsky, W., Advanced Organometallic Chemistry, 18,99 (1980).

128

Soga, K , Koide, R., and Toshiya, U., MakromoL Chem., Rapid Commun., 14,511 (1993).
Spruiel, J.E., and White, J.L., Potymer Engineering and Science, 15, 660 (1975).
Tan, V., and Gogos, C.G, Potymer Engineering and Science, 16,512 (1976).
Titomanlio, M., AICHE Journal, 36:1, (1990).
Tobin, M.C., Journal of Potymer Science, 12,399 (1974).
Treloar, J., Transactions ofthe Faraday Society, 31,538 (1940).
Ulrich, R.D., and Price, F.P., Journal of Applied Potymer Science, 20,1077 (1976).
Ulrich, R.D., and Price, F.P., Journal of Applied Potymer Science, 20, 1077 (1976).
Vittoria, V., Potymer Communications, 31,263 (1990).
Vittoria, V., Russo, R., and de Candia, F., Journal of Macromolecular Science (Physics),
B28(3&4), 419 (1989).
Wang, Y.K, Savage, J.D., Yang, D., and Hsu, S.L., Macromolecules, 25(14), 3659 (1992).
Werta, A., and Gogos, C.G., Potymer Engineering and Science, 11,19 (1971).
Wesson, R.D., Potymer Engineering and Science, 34, 1157 (1994).
Wolkowicz, M.D., Journal of Potymer Science, Potymer Symposium, 63, 365 (1978).

APPENDIX A
RHEOMETER CONTROL
Hie software package Labtech Notebook was used to perform data acquisition and
real time control of the relativefy complex experimental system. Using this software, a
sophisticated temperature program and motion control on a PID feed back loop were used
to create a parallel plate rheometer. Advantages included accuracy and reproducibility, due
to the centralized personal computer driving the system, and a relatively low cost.
Labtech Notebook (NB) is a software program designed to interface with a PC
installed data acquisition card, allowing control of various laboratory instruments. This is
accomplished by combining the analog, digital, and frequency I/O necessary for this control.
The program is icon driven, and allows real time monitoring of process variables through
on screen graphical displays.
The purpose of this appendix is to detail the use of NB. It is hoped that this will
prove to be a useful learning aid. It is also meant to document several improvements that
have been made upon the standard practices described in the NB manual
A.1 Background
A typical PC based data acquisition system involves the communication of analog,
digital, and in some cases frequency I/O. These signals are generated and received for the
purpose of communicating with desired instrumentation or equipment. Analog I/O are
simply electrical signals. This generally refers to either voltage or current responses
generated by, or required to power equipment or final control elements. Digital signals can
be thought of as a numbers based communication. This can be as simple as assigning a "bit"
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to either 0 (off) or 1 (on). This type of communication, as utilized by a data acquisition
board, can be used to toggle an instrument between the on/off states. Control by digital VO
is achieved by electronically toggling so that a predetermined setpoint is maintained.
A.2 NB Requirements
The NB program requires a personal computer containing a minimum of a 286 CPU
with 640 KB RAM. However, it was found that a control scheme containing any degree
of complexity (especially one containing many blocks and real time graphical displays)
requires a machine with a 386 CPU and 2 MB RAM. A math co-processor greatly speeds
operation if real time calculations are to be performed on the incoming data. The program
occupies about 10 MB of hard disk space. NB is available for both DOS and Windows
operating systems. The DOS version is the one described in this text.
AHtypes of laboratory equipment are compatible with the NB system. Although NB
is able to communicate through an RS-232 connection, this option is not required. Sensing
equipment (ie temperature, pressure, strain, humidity, light detection, etc) all can be utilized
providing they produce some type of electrical output corresponding to the variable they are
sensing. This analog output can be logged through an analog input connector, typically
some type of screw terminal board.
Equipment powered by 120 VAC can also be controlled by NB. Typically, this is
most effectively accomplished by the digital VO feature. Examples of this type of equipment
include heaters, coolers, agitators, blowers, etc. A relay rack, containing one relay for each
circuit, is required. The relays serve to isolate the system from voltage overloads. The relay
rack is connected to the data acquisition card via ribbon cable.
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A.3 NB Operation
NB utilizes a graphical interface to create data acquisition programs. This is done
by the representation of control elements by graphical blocks or icons. An example of a
simple heating loop, utilizing a heating element and a thermocouple to sense the
temperature, is shown on Figure A.3.1.
By manipulating these graphical blocks, a program can be easily created. A block
can be chosen from the bottom ofthe drawing board (the open area in the center of Figure
A3.1) by use of a mouse. When the block is dragged onto the drawing board, it can then
be edited. Double clicking on a block allows the user to set operating parameters of the
block (set point, scaling factor, offset, sampling rate, stage duration, input block number,
triggering options, etc). By clicking and holding on a block, a line can be made to originate
from it. Stretching and then releasing this line, on or near another block, connects the
blocks. This connection forms an input/output relation between the included blocks. For
example, in Figure A3.1, the arrow connecting block 1 (analog input - the thermocouple)
with block 2 (digital output - the heating element) indicates that block 1 is the input for
block 2.
The heating loop in Figure A3.1 is configured by double clicking on block one, the
thermocouple. This brings to the screen a series of operating parameters. One of the
parameters that must be set is the channel the block is to take as the input. This corresponds
to the channel on the screw terminal to which the thermocouple has been wired. Other
operating parameters, such as the sampling rate, could also be set at this time, although
default values are provided.
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Figure A .3.1: Example o f a sin gle heating loop created in Labtech N otebook

133

Block two, the heater block, takes the temperature measured by the thermocouple
as its input. Two parameters must be set on the heater block; the bit number to which the
physical heater has been assigned, and a setpoint. The bit number corresponds to the
channel on the relay rack to which theheater has been wired. The setpoint is the value of
the input, in this case the temperature, which is to be achieved. This is accomplished by
toggling the assigned bit on/off
There are several types of blocks that can be chosen. They include Analog Input
(AI), Analog Output (AO), Digital Output (DO), Datafile, and Graph blocks. In addition
to these blocks, a calculated block is allowed. Calculated blocks allow the user to perform
several real time mathematical functions (ie block average, moving average, sum, derivative,
integral, etc.) to the input or output of other blocks. Table A.3.1 is a list of several of the
blocks allowed, as well as the icons used to represent them.
A powerful feature of the NB block is their ability to trigger other blocks. Blocks
can be either turned on or shut off depending upon the value of other blocks (the trigger
block). For example, a DO block representing an AC heater can be triggered to shut off if
an AI block (thermocouple) reaches some temperature. Trigger values are set by double
clicking on the desired icon block, in the same way the operating parameters are edited. The
rheometer system we designed relies heavily on the use of the triggering feature.
A.4 Rheometer Control
The goal of our work was the creation of an automated rheometer that allows the
isothermal shearing of polymer melts. The motion control is provided by a servo motor,
powered through a 12 VDC power suppfy, transformer, and amplifier. The motor is geared
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Table A.3.1: Labtech Notebook control blocks
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to a linear motion stage that converts the rotational movement ofthe motor to translational
motion. A 6 VDC generator is geared to the motor to provide an indication of rotational
(and therefore translational) velocity.
The heating system consist oftwo independently controlled 120 VAC, 1/4" diameter
cartridge heaters. These are switched on/offthough a CYPB8 Relay Rack. The relay rack
contains individual relays, and is switched on/off through digital control of the data
acquisition board. Hie temperature is monitored through two type "J" thermocouples, one
for each heater, which are connected to a analog input screw terminal.

A.4.1 Temperature Program
A multistep temperature program was written that would allow the control required.
The first step includes the heat up of the rheometer at a constant rate to the desired melt
temperature (TJ. During the second step, the temperature is held at some constant value,
at or near T^for ten minutes. This assures complete melting ofthe polymer. The final step
includes allowing the sample to cool, at a controlled rate, to the crystallization temperature
(TJ. The temperature is held at Tc for one to four hours, until crystallization is complete.
Figure 4.3.4 shows a typical time - temperature trace displaying each of the steps, and
Figure A.4.1.1 shows a zoom out view of all the blocks required for entire rheometer
control scheme.
Step one is achieved through the use of an AI block (representing a thermocouple),
a DO on/off block (set to the bit connected to one ofthe 120 VAC cartridge heaters), a
rate(dX/dt), a counter block, a division block (X/Y), a sum block (X+Y) and an off
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Figure A.4.1.1:
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(OFF[X..Y]) calculated blocks. Figure A4.1.2 is a schematic of the components of this
stage shown in isolation.
In theory, all that is actually required for this stage is a AI block for the
thermocouple, a dX/dt block to determine the rate of heating, and a DO block representing
the AC heater. The setpoint of the DO block is then just the desired temperature rate
computed by the dX/dt block. But due to the geometry and the high working temperature
ofthe system, this simple setup does not provide satisfactory results. Peihaps this is due to
the inherent lag time between the heaters and the thermocouples.

In order to remedy this

problem, a mix between this type of derivative control, which can be thought of as a local
derivative, and an overall derivative was developed. In this inproved derivative control
scheme, shown on Figure A.4.1.2, the AI block is the input for both the dX/dt block, and
a X/Y division block. The denominator of this X/Y block is a counter block, which keeps
track of the cumulative time from the beginning of the run. The output of this block can
therefore be thought of as an overall derivative. Both derivatives are inputs for the X+Y
block, which in turn serves as an input for the DO block. The setpoint of this block
corresponds to the desired heating rate. The overall performance of this stage is adjusted
by the use of a scale factor on the local derivative blocks. This allows the user to adjust
how much of this more sensitive component is to be used. The OFF(X..Y) is set to shut off
the AO block when the temperature reaches Tm.
At this point, a steady temperature is required for ten minutes. Again, there are two
ways to accomplish this. The simplest is to set up a second DO block with a setpoint at Tm.
The DO block will then cycle on and of£ depending on whether the temperature is above
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or below the setpoint. However, cycling of 15°C above and below the setpoint was
observed using this method. A second method includes the use of a combination of
calculation blocks.
Since the temperature is controlled by digital output, proportional control is not
possible. By summing the local derivative of the temperature, along with the distance of the
current temperature from the setpoint, a pseudo-PD controller can be created. This type
of control is more sensitive than a simple DO block because the derivative component
allows for anticipation of changes.
This controller was created by summing the output oftwo calculated blocks; a dX/dt
and an X block. The X block simply reflects the values given to it by the input, in this case
the thermocouple block. By setting the offset of the X block to -Tm, a continuous output
is supplied that is equal to the distance from the current temperature to the setpoint Tm.
Both the dX/dt and X blocks are summed in a third calculated block, and this sum is the
input to a DO block tied to one of the heaters. The setpoint of this DO block is zero.
Figure A.4.1.3 is a schematic of the isolated components of this stage. Figure A4.1.4
shows a comparison of the two methods of maintain a constant temperature. Trace A
displays the use of a single DO with a setpoint of 255 °C. Trace B represents the same
setpoint using the pseudo-PD controller.
At the beginning of stage two, a count block is activated. This block logs the
amount oftime spent at Tm. After it readies the preset value of ten minutes, the OFF(X..Y)
block is triggered, shutting off the DO block of stage two. Simultaneous^, temperature
stage three is activated.
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Stage three consists of allowing the system to cool down to the crystallization
temperature, T0 and then holding at this temperature until crystallization is complete. This
stage is again controlled by a pseudo-PD controller consisting of a dX/dt and X
block.
Several additional blocks are used as safety shutdowns. One set of blocks is
instructed to shut the entire system down if either thermocouple registers an excessive
temperature. A second set of blocks shut the system down after six hours of runtime.
A.4.2 Motion Control
Since only a single stage is required, motion control is ampler than the temperature
program. It consists of 6 blocks: an AI block (the 6 VDC generator), a Least calculated
block, an X-Y calculated block, a closed loop PID analog output (AO) block, an
OFF(X..Y) calculated block, and a open loop AO block. An isolated schematic of the
blocks associated with motion control is shown on Figure A4.2.1. The voltage of the
generator is monitored through the AI block. Like the thermocouples in the temperature
program, the generator is wired to the analog input screw terminal The signal from the
generator is proportional to the speed of the motor. At veiy low speeds, the background
voltage can become a significant component of the true signal, and frequent zeroing of the
system is required to eliminate signal drift. The Least block is used to find the lowest
reported voltage, which generally occurs just prior to motion. This value is subtracted from
the signal read from the AI block by use of a X-Y block. This setup allows the system to
be zeroed prior to the start of each run.
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The X-Y block is the input to the PID AO block This block uses a proportional,
integral, derivative controller to determine how much voltage should be sent to the output
device (in this case the servo motor) in order to maintain the setpoint voltage (ie the output
of the generator). The output of this block is in the range ± 5V, and therefore this signal
must be boosted, via the transformer and amplifier, to drive the 24V servo motor. The PID
controller must be tuned prior to use.
The motion is begun by use of a computer keypress by the operator. Unlike other
triggering methods, the keypress option allow the user to signal when some action should
begin, and is activated when the user simultaneously hits the ALT and 1 keys. The entire
motion control system is activated by keypress. This is done to allow the user to monitor
as to whether or not it is appropriate to begin the actual experiment.
The remaining two blocks are used to shut off the motor at extreme loading
conditions. The OFF(X..Y) is set to shut offthe PID AO block if a 3 V output is attained
(ie the PID AO sends 3 V to maintain the setpoint). This situation occurs when extreme
resistance is encountered. Shutting the motor off at this condition prevents it from burning
out.
Although the PID AO is shut of£ the motor will not stop tunning. This is because
NB is written so that if a DO or AO block is shut of£ the value sent is not zero, but
continues to be the value it was sending when it was shut off If the PID AO was sending
out 3 volts when triggered of£ the motor will continue sending 3 volts. This value must be
set to zero (foe motor shut off) by the use of an open loop AO. The open loop refers to the
feet that this AO takes its input values from a user created data file (as opposed to a closed
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loop AO, like the PID block, which takes inputs from an AI block). For example, if the
datafile has a value of 2 in the first line of the file, the open loop AO will send out 2 volts
before it moves to the next line. In order to shut the motor oflj a data file containing only
zeros is created. This is the value sent to the motor afier it is triggered on by high voltage
from the PID AO.
A.4.3 Graphical Display and Data Storage
Data analysis is accomplished by two methods. The first is the real time display of
parameters. The graph block allows several windows to be set up as real time traces. The
graph block is treated much like the control blocks, except that creating the traces requires
much more customization.
The setup ofthe graphic screen is similar to the control block setup. The graph icon
is dragged onto the drawing board from the bottom of the screen. The selection of the
variable to graph is made by simply connecting the desired block to the graph block through
the arrow connection method described earlier.
Extreme flexibility is allowed in creating the individual graphs. Several graphs may
be created, simultaneously displaying output variables. Each can be customized regarding
size, scale, colors, symbols, and mode of display (ie X-Y plots, X-T plots, meter, and
faceplates).
The second method of data analysis employs the use of datafile blocks. Data
collected during a control run can be stored in a file. Again, creation of the datafile block
simply involves dragging foe block on to foe drawing board. Variables are stored by foe
connecting arrow method. Several modes of storage are allowed, including ASCII real,
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integer, hexadecimal, and binary; binary real and integer; and character. Four header lines
are inchided in the file setup, allowing the user to title the data file and stamp it with date
and time. Figure A.4.2.1 shows the use of the graph and datafile blocks in our rheometer
system.
In the our system, two data files are generated. The first file stores the temperature
readings, and are taken at a speed of 0.167 Hz. The second file stores the voltage sent to
the servo motor so as to maintain a constant velocity. This data is used to determine the
shear stress levels being employed. After each run, the datafiles, which are set to ASCII real
type, are read into a spreadsheet, where in-depth analyses are performed.
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APPENDIX B
DATA MANIPULATION OF THE ISOTHERMAL RHEOMETER SCANS
The rheometer was used to scan the polymer samples at different temperatures.
Although these scans were performed manually, they were similar to results obtained from
an F llK . This appendix details the manipulation of raw data required to obtain scans such
as those displayed in Figure 5.3.2.1. Figure B. 1 is a flow chart of the steps taken to obtain
both final transmission and absorbance scans.
Raw data, measured in detector amps, was read from the Optronics Controlling
Software panel. A signal reading was taken, at six second intervals, for each of the
wavelengths considered. Generally, the scans were performed at 4 cm'1intervals.
Piior to loading samples into the rheometer, a background scan of the NaCl slides
was made. The values were subsequently regressed to a linear relation (see Figure 4.3.1).
After loading the sample, scans were taken at multiple temperatures, as described in section
4.3. These sample scans were then divided by the regressed background relation.
At this point, the data was in the form of raw transmission. This data needed to be
corrected so that all scans would share a common baseline, and a common scale of change.
The equation used for this proceedure was:
)
r(i) ■ T
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where T is the normalized, scaled transmission, t is the raw transmission, A is the
wavelength, t ^ is the minimum transmission observed over the scan range, while t ^ is the
maximum.

At this point, the transmission data must be converted into absorbances. The
equation for this transformation is given in Appendix D-14 of the Optronics OL740 Manual:
«(*) - Log10 (

)

(B.2)

where a(X) is the raw absorbance.
This data must now be scaled and normalized again to eliminate the possibilities of
negative values. The equation used has the same for as Equation B. 1:

A&) •
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where the variables are defined in the same manner as before.
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Figure B.2:

Flow chart of the manipulation of raw data into final transmission and
absorbance scans
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Table C .l:

Experimental data used to create the DSC ciystallinity - IR ratio relationship plotted in Figure 5.1.1. Hx is the heat of
crystallization, HMis the heat of melting. Blank entries indicate single data point taken for the specified anneal treatment.
DSC Data
First Run

FTIRData
Second Run

First Run

Second Run

Anneal
Treatment

Hx
mJ/mg

H„
mJ/mg

Hx
mJ/mg

H„
mJ/mg

1183 cm*1
Peak

1225 cm'1
Peak

1183 cm1
Peak

1225 cm*1
. Peak

Ave
Ciystallinity

Ave
Peak Ratio

auench

17.8

17.8

22.9

23.1

1.17

0.37

1.16

0.36

0.00

0.31

115°. lOmin
115°.20min

16.6
17.5

19.6
22.5

1.20
0.73

19.1
21.3

1.47
0.74

0.43
0.29
0.57
0.45

0.09
0.10

0.35
0.37

13.6
8.8

1.21
0.78
1.40
0.75

0.06

125°. 5min
125°. lOmin

0.41
0.27
0.60
0.46

0.23

0.41
0.61

125°. 30min
125°60min
140°. 3min

0
0
0
0
0
0
0

22.1
21.5

1.26
1.76
1.11
0.81

1.02 '
1.49
0.95
0.72

1.26
1.73
0.92
0.59

1.02
1.48
0.81
0.50

0.41
0.41
0.45
0.45

0.81
8.85
0.87
0.87

1.50
1.58

1.50
1.80
0.36

1.49
1.66
0.33

0.48
0.47
0.42

1.00
0.90
0.90

0

21.4

21.5

0.34
0.82

1.49
1.39
0.30
0.72

0.85

0.74

0.88

25.7

1.31
1.33

1.22

23.2

24.2
23.1

1.16

140°, 60min

0
0

1.18

1.31

1.08
1.16

0.40
0.46

160°. 5min

0

24.9

24.3

1.31

?1°

1?1

1.21
i_no _

1.27
1

1.16
1 no

140°. lOmin
slow cool
125°. 50min
140°. lOmin
140°. 20min
140°. 50min

149°. IfrBiB

24.5
24.1
26.0
24.9
22.2

— o— ■ —?7rS~

_
m

_

23.1
24.0
24.2
25.7
26.2
23.2

•

0.43
0.46

0.89
0.89
0.92
----- 050------

Table C.2:

Time
mm

Average crystallinity of sPS samples, annealed at the specified time and
temperature combination, as displayed in Figure 5.1.2
115° C

125°C

3

140°C

160°C

0.424

0.42

5

0.047

0.093

0.427

0.458

10

0.049

0.239

0.446

0.478

15

0.445

20

0.066

0.393

0.429

0.465

30

0.104

0.382

0.452

0.458

50

0.394

0.447

0.439

60

0.423

0.413

0.437
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Table C.3:

Final sample ciystallinities of sPS samples sheared at 250°C (Figure
5.2.3.1)

Shear Rate
Grouping
s*1

Number of
Observations

Avegare
Shear Rate
s'1

Average
Ciystallinity

95%
Confidence
Limit

0

2

0.00

0.506

0.002

2-2.5

4

2.02

0.530

0.008

2.5 - 3.0

4

2.68

0.517

0.006

3.5 - 4.0

1

3.96

0.517

5.0-5.5

4

5.32

0.518

0.008

5.5 - 6.0

2

5.98

0.522

0.007

6.5 - 7.0

2

6.67

0.522

0.003

7.0 - 7.5

1

7.41

0.510

8.0 - 8.5

1

8.00

0.493

95 - 10.0

1

9.61

0.495

10.0 - 10.5

1

10.36

0.490
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Table C.4:

Final sample crystallinities of sPS samples sheared at 270°C (Figure
5.2.3.1)

Shear Rate
Grouping
s'1

Number of
Observations

Avegare
Shear Rate
s’1

Average
Ciystallinity

0

1

0.00

0.506

1.0- 1.5

1

1.49

0.532

2-2.5

5

2.23

0.536

0.007

2.5 - 3.0

5

2.88

0.540

0.015

3.0 - 3.5

5

3.30

0.553

0.018

4.0 - 4.5

4

4.30

0.523

0.003

5.5 - 6.0

4

5.77

0.520

0.008

6.0 - 6.5

1

6.56

0.526

7.0 - 7.5

1

7.32

0.521

8.0 - 8.5

1

8.38

0.524

10.0 - 10.5

2

10.38

0.493

95%
Confidence
Limit

0.009

l■

Table C.5:

Final sample eiystallinities of sPS samples sheared at 290°C (Figure
5.2.3.1)

Shear Rate
Grouping
s*1

Number of
Observations

Avegare
Shear Rate
s'1

Average
Ciystallinity

95%
Confidence
Limit

0

2

0.00

0.494

0.005

1.5 - 2.0

3

1.89

0.521

0.004

2-2.5

1

2.21

0.510

3.0-3.5

2

3.31

0.522

3.5 - 4.0

1

3.56

0.520

4.5 - 5.0

3

4.52

0.518

0.006

5.0-5.5

2

5.19

0.519

0.010

6.0 - 6.5

2

6.02

0.522

0.012

8.0 - 8.5

1

8.07

0.529

10.0 - 10.5

1

10.50

0.530

11.0- 11.5

1

11.09

0.526

0.010
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Table C.6:

Average peak temperature values of the sPS phase transitions as
measured by the derivative transmission method. T{ is the peak
mesophase temperature, Te the peak crystallization temperature, and
Tmis the peak melting temperature.
First Melting

Second Melting

Third Melting

TA m

T

°c

Heat
Rate
°C/min
9.7

274.5

Heat
Rate
°C/min

T,

TA C

T
Am

°C

°c

°c

Heat
Rate
°C/min

9.4

111.2

153.4

278.9

9.4

274.7

9.4

106.3

147.8

276.2

9.5

275.4

9.5

110.6

149.6

270.7

9.7

272.2

9.6

114.1

154.9

273.2

9.5

279.5

9.6

110.4

152.2

278.0

9.6

275.0

9.3

113.9

154.9

273.5

9.4

274.4

9.4

113.3

154.6

279.8

9.4

112.3

148.1

278.8

9.3

108.8

153.1

278.5

9.3

108.5

155.0

279.1

9.4

111.3

153.7

278.8

9.4

109.4

153.7

279.7

9.4

107.5

150.0

273.2

9.4

116.7

153.1

273.9

9.4

116.8

156.6

281.7

Ave

9.4

111.4

152.7

276.9

9.5

275.2

-

-

95% CL

0.0

1.6

1.3

1.6

0.1

3.0

-

-

°c

Table C.7:

Avrami exponents and rate constants for regressed crystallization
data. Quiescent values are averages.

Temperature

Shear Rate

°C
250

255

260

Avrami
Exponent
n

-{LogioK}

s’1

Shear
Exposure Time
s

0.00

0

2.57

2.340

0.82

90

1.18

2.304

1.11

72

1.28

1.585

4.63

27

1.86

1.189

4.06

17

1.80

2.364

7.84

15

1.93

0.750

0.00

0

2.42

3.215

0.85

60

1.19

1.281

0.61

54

1.16

3.116

3.57

28

1.73

1.496

6067

15

1.77

2.183

0.00

0

2.45

3.432

1.06

70

2.36

4.661

1.93

30.5

1.68

1.790

2.69

16.5

1.17

1.544

3.88

12

1.03

1.152
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Table C.8:

Parameters from the Eder fit of sheared crystallization data

Temperature
°C

f

fa

T

s1

s*1

S

G
s'4

250

1.1

0.91

620

3.0 x 10*8

250

2.1

1.13

280

3.8 x 10*®

255

1.0

0.85

1690

3.7 x 10*8

255

3.6

0.80

580

3.8 x 10-8

260

1.1

0.85

5980

4.0 x 10*8

260

2.1

1.36

4380

3.8 x IQ*8
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